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Preface to the Fourth Edition 


BIOLOGY has advanced very rapidly during 
the past eight years. Thus it is difhcult merely 
to list the new material that has been incor- 
porated into this fourth edition of Principles 
of Modern Biology. However, some main 
topics that have been added or brought 
thoroughly up-to-date may be specified as 
follows: (1) Electron microscopy: fine struc- 
ture of the endoplasmic reticulum; centrioles; 
plastids; grana; mitochondria; muscle fila- 
ments; cilia; flagella; the plasma membrane; 
synaptic membranes; chromosomes; the mi- 
apparatus; pinocytic vacuoles; ribo- 
somes; etc. (2) Cellular metabolism: isotope 
tracer and chromatographic methods; the car- 
bon path in photosynthesis; photochemical 
phenomena, especially photophosphoryla- 
tion; thermodynamics of intracellular energy 
transactions; role of ATP; electron transport 
systems; the Krebs cycle; glycolysis and fer- 
mentation; theory of enzyme action; activa- 
tion energies; enzyme-cocnzyme interactions 
and amino acid activation. (3) Protein struc- 
ture: methods of determining the amino acid 
sequence of the primary structure and the 
role of hydrogen bonds and other linkages in 
determining secondary and tertiary structure. 
(4) DNA-RNA-protem —interrelationships: 
the Watson-Crick model; mechanisms of self- 
templated replication; the base-pair rule in 
DNA-RNA synthesis; the genetic code; mes- 
senger and transport RNA. (5) Genetics: 
population analysis, abnormal chromosome 
complexes in relation to heritable “errors of 
metabolism.” (6) Nature of the gene: analysis 
of the base sequence im viral replication and 
in cell-free bacterial preparations; cis-trans 
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phenomena; gene-enzyme interrelationships; 
enzyme induction; morphogenesis and dif- 
ferentiation; basic nature of mutational 
changes. (7) Ecology: the ecosystem concept; 
producers, consumers, and decomposers; 
abiotic base; ecological succession; pioneering 
and climax stages. (8) New phytohormones 
and photoperiodism. (9) Antibody produc- 
tion in relation to the thymus gland. (10) En- 
docrine advances: the parathyroid hormone; 
erythropoiten; the pineal hormones; neuro- 
humors generally; cellular and comparative 
endocrinology; feedback mechanisms; ho- 
meostasis in general. (11) Receptors: chem- 
istry of vision; generator potentials; excita- 
tory substances. (12) Effectors: newer con- 
cepts of muscle structure and function; chem- 
istry of luminescence. (13) Central nervous 
system: fine structure of the synapse; neuro- 
secretory vesicles; integrative functions of 
neurons; transmitter substances; pacemaker 
and other types of potential. (14) Excretory 
system: concept of homeostasis; evolution of 
the vertebrate kidney. Many other more 
specific data of recent origin have been inter- 
polated at appropriate points in the various 
chapters of the book. 

Considerable attention has been given to 
the illustrations. Many new photographs, 
particularly electronmicrographs, have been 
added and there are quite a few new draw- 
ings. A number of the old drawings have been 
relabeled for the sake of greater clarity, and 
special attention has been paid to the cap- 
tions. The purpose in this connection has 
been to provide each figure with an inde- 
pendent interest without sacrificing the pri- 
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mary function, which is to clarify the text 
material. 

The fourth edition continues to derive an 
important heritage from C. R. Plunkett’s 
Outlines of Modern Biology, which was pub- 
lished in 1929. Most of the form and sub- 
stance of the original book has changed, but 
the basic aim remains. This is to present 
biology as an integrated science—a_ con- 
sistently unified body of knowledge, prin- 
ciple, and theory that tries to explain as well 
as to describe the phenomena of life. Indeed, 
this emphasis on the essential unity of bi- 
ology, as a science that derives its principles 
quite equally from a study of plants and ani- 
mals, represents one of Plunkett’s most 
unique and important contributions. 

The problem of integrating and incorpo- 
rating new developments into an existing 
body of facts and principles is a difficult chal- 
lenge. Each “new" development is apt to 
represent a modified derivative of some 
“older” concept. It cannot, like a supernu- 
merary limb, merely be grafted haphazardly 
upon the body surface. The whole system 
must be adjusted and accommodated to the 
new growth, if a harmonious integrity is to 
be preserved. Consequently, this fourth edi- 
tion has involved an extensive amount of 
rewriting, as did the other three. 

Another perennial problem its to develop 
the student’s interest and to bring the com- 
plex material of modern biology into range 
of comprehension without sacrificing scien- 
tific standards. Most students fail to take an 
interest in general principles unless these are 
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interpreted in terms of their own experience 
or in terms of experimental evidence clearly 
and fully presented. Superficial treatments, 
too often encountered, do not suffice. New 
ideas must be thoroughly developed. They 
must be carefully defined, explained, ana- 
lyzed, and exemplified. It is necessary to chal- 
lenge the intelligence of our students and to 
have faith in their capacity to learn. Experi- 
ence has shown that general students, whose 
main objective is to gain a relatively broad 
understanding of how biology impinges upon 
human life and thought, are generally willing 
to accept the challenge. They provide excel- 
lent competition for the biology majors pre- 
paring for advanced work. 

My associates at Washington Square Col- 
lege have been very helpful in many ways. ‘To 
a large extent, the content of the book keeps 
originating from the lectures of our General 
Biology course; and over the years many 
members of the Biology Department have 
contributed to these lectures. Specifically, I 
want to thank Drs. Harry A. Charipper, H. 
Clark Dalton, Albert S. Gordon, Morris H. 
Harnly, Henry S. Hirshfield, Milan J. Kopac, 
Alexander Sandow, and Charles D. Siegel. I 
want also to acknowledge a special indebted- 
ness to the late Henry J. Fry who originally 
planned our General Biology course and who 
directed our teaching in the early days at 
Washington Square College. 

And, finally, I am happy to dedicate this 
book to my wife, Alice Marsland, who has 
helped so much. 
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DART IeThe Cell 


TELife and Protoplasm 


MORE THAN a million and a quarter dis- 
tinct species of plants and animals are recog- 
nized in the world at large, and quite a num- 
ber of newly discovered species are reported 
every year. Different organisms have evolved 
a special fitness to live in almost every part 
of the environment—in the ocean, on land, 
and in the air—under a wide variety of con- 
ditions. Certain species thrive on dry rocks 
and in stagnant swamps; in hot springs and 
in polar ices; where oxygen is abundant, and 
even where oxygen is lacking entirely. 
Some organisms appear to be very simple 
—like microscopic droplets of clear liquid. 
But other creatures, like man, possess an ob- 
viously complicated structure. Gigantic liv- 
ing things, like whales or redwood trees, 


stand in dramatic contrast to the puniest 
bacterium, which looks like the smallest 
speck, even under the best magnification of 
the microscope. In short, a very rich diversity 
of living creatures has been evolved upon our 
earth, and man is challenged to reach an un- 
derstanding of their nature (Fig. 1-1). 


DISTINCTIVE ACTIVITIES OF LIVING 
BODIES 


Since biology is the group of sciences that 
deals with life in all its forms and in all its 
activities, it is necessary to distinguish as 
clearly as possible between living and non- 
living bodies. Such a distinction is not usu- 
ally difficult, because living bodies are apt to 





Fig. 1-1. 


The size of arganisms varies greatly. This whale (a sulfur bottam 
whale) weighs aver 300,000 pounds, and the elephant weighs 20,000 paunds. 
But it takes mare than a trillan tuberculasis bacilli ta make ane pound. (Redrawn 
fram Organic Evalution, by Lull. The Macmillan Campany.) 
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display several unmistakable signs of life. 
All typical organisms are responsive; that is, 
all living things reaet to stimulation—by 
chemical agents sueh as food, or by physieal 
wets. such. «as hehe. Likewise, all Jising 
things sustain themselves by some kind of 
nutrition. Each takes in food Irom which to 
dene. matter dorm crowth, and -emetov, for 
movement. Aad above: allyeach kindof jiv- 
ing thing displays a capacity for reproduc- 
tion, perpetuating itsell from generation to 
ORBLE TET I ER A 


A 


~ “aby , 


Fig. 1-2. 





nonliving things display activities analogous 
to nutrition and growth. Water, or any other 
form of matter, continually alters its be- 
havior in response to changes in temperature, 
pressure, light, and other factors of the en- 
vironment. Water expands or contracts ae- 
cording to the teniperature; at: Pols: at one 
CeInperant exanee i ee7es areahiourer.-  1i1ese 
are relatively simple reactions, hardlv to be 
compared to the complex responses of a 
thinking man, or of a sprouting seed. But 


Responsiveness, nutrition, and reproduction are characteristic of living things. 


Incidentally, this adult femole robin is a foirly rore, white (albino) specimen. (Courtesy af 


Hugh M. Halliday.) 


generation. In Tact, these three activities— 
responsiveness, nutrition, and reproduction 
are uniquely combined in living bodies, 
and can be taken as the maim eriteria of the 





living state (Fig. 1-2). 

Responsiveness. One must conclude, how- 
ever, that the dividing lme between the liv- 
ing and nonliving is not a very sharp one, 
because a@ number of nonliving systems ean 
be found that simulate some aspects of living 
behavior All boches; nonliving- aswell as liv- 
ing, ure in some degree responsive; and some 


there are nonliving systems that are highlv 
reactive 
Spondiie to: ao voliclic om ahestiiecer. oF an 
automobile responding to pressure on the 
accelerator, Generally speaking, however. 
animate responses, in comparison with in- 
annnate ones, are much more complex and 





as lor example; a: loaded pistol re- 


Wariaple; 

Nutrition. Nonliving bodies may also dis- 
play nutrition, clthough generally the nutri- 
Gon of living bodies is considerably more 
complex. Within the lying body, food al- 


ways contributes both energy—the energy 
that activates the vital system—and matter, 
to form new components in the living struc- 
ture. In other words, food in the living body 
can serve not only as a fuel, but also as raw 
matertal for chemical syntheses that provide 
for maintenance and lead to growth. 

Many inanimate bodies utilize fuels, but 
few, if any, can grow or even maintain their 
existing structure. An automobile duplicates 
almost all the destructive phases of animate 
nutrition. It takes in fuel (food); it distrib- 
utes the fuel to the carburetor; it sucks in 
(breathes) oxygen through the carburetor, 
which sends the fuel-oxygen mixture to the 
cylinders; it chemically decomposes (ox1- 
dlizes) the fuel and utilizes the energy that is 
liberated for the development of mechanical 
power. Furthermore, the automobile must 
eliminate (excrete) the end products (waste 
products) of its chemical activities. But here 
the analogy stops. The automobile cannot 
grow. It cannot even replace the small struc- 
tural losses that inevitably result from wear 
and tear. All the constructive phases of nu- 
trition, by which new substances are synthe- 
sized and incorporated into the structure of 
the living body, are absent in all inanimate 
systems. 

Growth and Reproduction: The Most 
Unique Activities of Living Systems. Biol- 
ogists have tried to find a parallel to the char- 
acteristic growth phenomena of living bodies 
in the “growth” of crystals in a super-satu- 
rated solution. But this phenomenon seems 
much simpler than organic growth. Crystal 
growth follows a precise and characteristic 
pattern, but is altogether local and external. 
The crystal enlarges by the addition of new 
molecular layers at the surface only, and the 
enlargement is at the expense of molecules 
that exist as such in the surrounding solu- 
tion. Organic growth, in contrast, pervades 
the entire protoplasmic mass, and depends 
upon an elaborate series of chemical changes 
leading to the formation of new components 
in the protoplasm. Or, from another point of 
view, organic growth depends upon a pre- 
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cisely patterned aggregation of many kinds 
of molecules, whereas crystals grow by the 
assemblage of one, or at most, two or three 
kinds of molecules. 

The most umque characteristic of living 
bodies is the capacity lor reproduction; and 
here it is hard to find any convincing inani- 
mate examples. From the humblest bacterium 
to the mightiest mammal, each living species 
must maintain an unbroken line of descent, 
if it is to avoid extinction. The processes of 
reproduction are extremely complex and 
delicate even in the simpler forms of life. 
The formation of a new body, which 1s al- 
most an exact replica of the old, presupposes 
the existence of a delicate mechanism that 
can sort out certain important components 
in each living organism and pass these on to 
each ensuing generation. These important 
genic materials, as we shall see (Chap. 26), 
possess not only the unique potential of se/f- 
replication, but also the capacity of provid- 
ing templates for the replication of other 
essential components in each particular kind 
of living thing. 

Certain inanimate bodies, namely crystals, 
may show an extremely simple form of “re- 
production.”” Occasionally, while a small crys- 
tal is in the process of “growing,” it will 
fragment spontaneously and each of the frag- 
ments will become the center around which 
a perfect new crystal will form. However, 
with the possible exception of the multiplica- 
tion of the filtrable viruses (pp. 7-11), such 
a “reproductive” process is incomparably 
simpler than all cases of animate reproduc- 
tion. 


LIFE AND PROTOPLASM 


To define life completely is scarcely pos- 
sible, but the word can be used to designate 
the sum total of all activities—responsive- 
ness, nutrition, reproduction, etc.—that are 
displayed by living bodies generally. Life, 
according to this usage, simply specifies 
“what living things clo.” It does not in any 
sense ex plain what they do, or how they do it. 
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Popularly the word “‘life’’ is sometimes 
used in a different sense: to designate a mys- 
terious immaterial “something” that uniquely 
resides in living bodies, causing their activi- 
ties. Science, however, has not been able to 
find the slightest evidence to confirm the ex- 
istence of anything corresponding to this 
idea. Nor is such a concept useful. To say 
that a living body moves, responds, or grows 
“because it 1s alive’ or because “‘it possesses 
life’ is like saying that a motor runs “‘because 
it is motile’ or “because it possesses motility.” 
In science such so-called explanations are not 
admissible. The only scientifically valid kind 
of explanation consists in finding and describ- 
ing an actual mechanism, in which the spe- 
cial composition, arrangement, and _ inter- 
action of the component parts logically ac- 
count for the observed activities. 

In accordance with this important criterion 
of science, the aim of biology is to explain 
life—the activities of living bodies—in terms 
of the composition and structure of these 
bodies: what materials are present, how the 
component materials are uniquely organized 
in the living body, and how these compo- 
nents interact to generate the activities that 
are recognized as life. Just as the chemist or 
the physicist probes into the visible and sub- 
visible structure of nonliving matter in seek- 
ing to understand the mechanism of its be- 
havior, so the biologist, using essentially the 
same methods, investigates the ultimate struc- 
ture of living matter, which is called proto- 
plasm. 

Protoplasm. The phenomena of life never 
find complete expression except in associa- 
tion with a particular kind of matter, namely 
protoplasm. 

Typically protoplasm is a colorless, trans- 
lucent, gelatinous fluid, which composes the 
living part of every living thing. All other 
parts of any living body—bone, cartilage, 
wood, etc.—are produced by the protoplas- 
mic parts. Protoplasm, therefore, must be 
regarded as the physical basis of life, or, more 
simply, it may be referred to as living matter. 
In the ultimate composition and structure of 


protoplasm, the answers to life’s unique rid- 
dles must be sought. 

Chemical Structure. Protoplasm is not a 
single homogeneous substance. Rather, it is 
a complexly organized system in which many 
substances are present. Some of these sub- 
stances, such as water and mineral salts, are 
also abundant in nonliving nature. But pro- 
toplasm is especially characterized by its 
rich variety of organic substances, especially 
proteins, which are found nowhere in nature 
except as components or products of proto- 
plasm. The manifold chemical compounds of 
the protoplasm are constantly reacting and 
interacting. This ebb and flow of chemical 
activity, which is called metabolism, gen- 
erates energy and provides for the synthesis 
of more organic compounds, needed as 
growth occurs. Moreover, the complex physi- 
cal and chemical structure of protoplasm is 
not stable. It tends to disintegrate and be- 
come clisorganized unless energy is constantly 
available for reconstruction. Just as an air- 
plane cannot maintain altitude unless energy 
is available from the combustion of fuel in 
the motors, so the protoplasmic structure 
undergoes degradation unless energy is forth- 
coming from metabolism. The ultimate 
sources of metabolic energy may vary con- 
siderably in different forms of life (Chap. 9), 
but energy for immediate use is provided by 
a set of basic metabolic reactions that seem 
to be common to all protoplasm (Chap. 8). 

Modern biologists now recognize that the 
physics and chemistry of protoplasm repre- 
sent vitally important areas, and many re- 
search workers are active in these fields. 
Considerable attention will therefore be 
given to protoplasmic structure, particularly 
in Chapters + and 5. 

Cellular Structure. It is generally recognized 
that protoplasm seldom, if ever, occurs in 
the form of any large continuous mass. 
Rather, it 1s subdivided into small unit 
masses, called cells, which usually are micro- 
scopic in dimension. Moreover, the proto- 
plasm of every typical cell consists of two 
complementary and mutually dependent 


parts: a more or less central mass, the nucleus 
and a surrounding part, the cytoplasm. Both 
of these parts of the protoplasm possess an 
essentially similar chemical composition, ex- 
cept that certain of the proteins, namely the 
DNA-nucleoproteins (p. 90), are distinctive 
of the nucleus. This is a very important dis- 
tinction, and will be explored more fully 
later (Chaps. 4, 8, and 27). 

Each cell, essentially, is a living unit. Some 
small forms of life consist each of a single 
cell, and larger plants and animals are com- 
posed of many cells, variously modified ac- 
cording to their special functions in different 
parts of the body. Regardless of whether 
they are unicellular or multicellular, how- 
ever, each specifically distinctive kind of liv- 
ing creature is designated as an organism. 

Recognition of the cell principle (Chap. 
2) did not reach full maturity until late in 
the nineteenth century. Nevertheless, this 
principle has had tremendous impact upon 
modern biology. Whatever activity is ex- 
hibited by a multicellular organism in per- 
forming the functions of responsiveness, 
growth, and reproduction represents the sum 
total of the activities of the component cells, 
working together as a beautifully integrated 
team. Accordingly, Part One of this book 
(Chaps. ] to 11) will deal with single cells. 
This Part will attempt to analyze the struc- 
ture and behavior of various basic cell types; 
the remaining Parts will be concerned mainly 
with the integrated behavior of the com- 
ponent cells of higher plant and animal 
organisms. 

In the present century, particularly during 
the past 20 years, great advances have oc- 
curred that have enriched our knowledge of 
cellular structure and function. We now 
begin to understand the significance of many 
intracellular structures, or organelles. We 
know quite a bit about how chromosomes 
(p. 23) are constituted and how they are able 
to transmit coded directions in each cell; 
what the nucleolus (p. 23) 1s and how it is 
concerned with the synthesis of specific pro- 
teins in each cell; the nature of the mito- 
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chondria (p. 28), ribosomes (p. 25), and the 
endoplasmic reticulum (p. 23); and what 
roles these structures play in physiological 
activity. These and many other questions are 
being probed intensively by research workers 
throughout the world today. Final answers, 
of course, cannot be given, but the current 
status of the more important developments 
will be discussed in several later chapters. 

All unequivocally living forms display a 
cellular structure, but there are some border- 
line cases, which must be mentioned now. 
These include two groups of exceedingly 
small infectious bodies—the Rickettsia (p. 
580) and the viruses. Here, however, only the 
viruses will be discussed. 


VIRUSES 


Viruses are disease-inducing particles that 
are exceedingly small—so small in fact that 
their structure cannot be revealed by any 
type of light microscope (Fig. 2-10). Yet 
viruses display some properties that else- 
where are found only in association with liv- 
ing cells. It may be necessary, therefore, to 
qualify our concepts of the living unit, in 
light of further knowledge. 

Ever since the dawn of biological curiosity, 
when the early cave men first began to draw 
pictures of the plants and animals that 
shared their environment, man has continued 
to discover and record new forms of life. 
Before the seventeenth century, when the 
microscope first revealed a whole new world 
of living minutiae, generation after genera- 
tion of protozoans, bacteria, and other micro- 
scopic forms had lived and died without the 
blessing of man’s cognizance. The biologists 
of that day were slow to admit these new 
organisms into the fraternity of life, and 
many years of research and controversy fol- 
lowed before the microorganisms were recog- 
nized generally. Today, it is the viruses that 
seem to lie at the boundary line between the 
living and the nonliving. If biologists finally 
conclude that the viruses are alive, then it 
will have to be admitted that a continuous 
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intergrvadation exists between nonliving and 
living forms of matter. 

The first virus was discovered by Iwanow- 
ski ane 1892. Iwanowski found. hat juice 
squeezed from a tobacco plant afflicted with 
mosaic disease (Fig. 1-5), alter passing through 





tobaco 


Figs. 123; A leaf infected with the masaic 
virus. Note the dark diseased patches, which give the 
leaf a spotted (mosaic) appearance. (Courtesy of 
L. O. Kunkel, The Rockefeller Institute for Medical 
Reseorch, New York.) 


an extremely fine porcelain filter, still could 
give rise to the disease if brought into con- 
tact with a healthy plant. This was surprising 
since the clear liltcred juice did not contain 
any particles large enough to be seen with 
any existing mucroscope. Previously in the 
nineteenth Paste, Reed, 
and others had demonstrated that many dis- 


century, hoch, 
eases 1M plants and animals are caused by 
microscopic parasiles—such as bacteria and 
protozoans—which tissues of 


other plants Ore aniimsise But a- the present 


invade the 


century it soon became apparent that other 
ciseases must involve infective bodies much 


smaller and simpler than any known micro- 
organism. Now, in fact, a fairly large number 
of virus diseases are recognized. These in- 
clude smallpox, infantile paralysis, influenza, 
the common cold, and measles, for 
swine influenza, hog cholera, and bovine 


man; 


hoof and mouth disease for other animals; 
and the bacteriophages (Fig. 1-4) and mosaic 
infections of plants. 

One unique feature of the viruses is the 
extreme smallness of the individual particles, 
each of which can be identified as being a 
complete virus unit. Hf one takes a fluid con- 
taining bacteria and forces this fluid through 
a porcelain filter (ultrafilter), the filtrate 
obtained is found to be sterile, that is, en- 
tirely free of bacteria. Apparently the pores 
ol such a filter are so small that they prevent 
the bacteria from passing through. If, how- 
ever, one ultrafilters a fluid containing the 
particles of a virus—such as the juice that 
can be squeezed from a tobacco plant 1in- 
lected with the tobacco mosaic disease, or 
the fluid derived from the brain of a monkey 
infected with infantile paralysis—the virus 
appears in the filtrate, quite undiminished 
In quantity, 

Growth and Reproduction. Another im- 
portant characteristic of the viruses is that 
each possesses, under the proper conditions, 
an unlimited capacity for growth and _ re- 
production. Take, lor example, the virus 
that gives rise to inlantile paralysis in man 
and certain monkeys. This virus can be 
transnutted from monkey to monkey in end- 
less succession, without any sign of limit. The 
smallest quantitv of Huid trom the brain of 
a diseased animal, implanted into the brain 
ol a healthy monkey. leads i cle tine to 
paralytic symptoms in the inoculated animal. 
During the incubation period, the origimal 
minute quantity of virus increases to a tre- 
mendous extent. The virus spreads through- 
Out alicparts-ol the 1ervous system. Finally. 
ever Binal, inaetion-ol the brain of the 
newly paralyzed animal contains as much of 
the virus as was originally introduced into 
the one localized site of injection. 
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Fig. 1-4. 


An electranmicrograph shawing a single bacterial cell (A) surraunded by 


many particles af bacteriophage (B). The marker (1 micran) shows the extremely small! 
size af the bacterium (Escherichia cali) and the still smaller size af the bacteriaphage 
particles (strain T.,). The bacteriaphage destrays the bacterium when it penetrates the 
cell. In the present case, however, the clustering of the bacteriaphage particles at the 
surface af the bacterium has resulted fram drying the preparation—which must be dane 
befare an electranmicragraph can be taken. These specimens were shadaw-cast with gald. 
(Caurtesy af T. F. Andersan, University af Pennsylvania.) 


Isolation of a Virus. In 1935 one of the 
viruses, the tobacco mosaic virus, was 1SO- 
lated and identified by W. M. Stanley, then 
at the Rockefeller Institute in New York 
City. To separate the virus from the many 
inactive components present in the total juice 
from an infected tobacco plant, two stages of 
centrifuging were employed. First, an ord1- 
nary low-speed centrifuge was used to remove 
all larger particles, such as bacteria and other 
microscopically visible bodies. This left a 
perfectly clear supernatant fluid that retained 
its infective potency in full strength. The 
second centrifuge was of the high-speed type, 
called an ultracentrifuge. Such a machine 
can develop centrifugal forces of about half 
a million times gravity. When a solution is 
subjected to this force, the larger molecular 
components tend to be thrown out of solu- 
tion and to accumulate at the bottom of the 


test tube. In the present case, the sedimented 
material proved to be the virus in a practi- 
cally pure condition. In other words, thts 
sample of virus was practically free from con- 
tamination by any inactive materials. After 
further stmple chemical treatment, the virus 
was obtained in the form of crystals (Fig. 1-5) 
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Fig. 1-5. Crystals af tabacca mosaic virus ( 675). 
Each crystal represents an aggregate af many virus 
particles. (Caurtesy af W. M. Stanley, University af 
California.) 
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The unit particles of different viruses vary considerably as to size and shape; 


and in some cases, more than ane kind of molecule is represented in each virus particle. 


Electronmicrographs: 1. 


vaccinia virus, from smallpax vaccine; 2. 


influenza virus; 3. 


tobacco masaic virus; 4. potato mosaic virus; 5. bacteriophage; 6. virus of the Shope 
papilloma; 7. southern bean mosaic virus; 8. bushy stunt virus of tomato. All except ] 
and 5 were shadow-cast with gold. This technique permits the depth of each particle to 
be appreciated. (Courtesy of C. A. Knight, University of California.) 


that displayed a high degree of purity. Each 
crystal, however, consists not of one virus 
particle, but of many, arranged in the or- 
derly pattern of a crystal structure. 

Unit Structure. Analysis of the isolated 
tobacco mosaic virus crystals proved that the 
disease is transmitted by extremely small unit 
particles (Fig. 1-6) composed, essentially, of 
a single kind of substance, nucleoprotein.1 

1 Nucleoprotein molecules are formed by combina- 
tion between nucleic acid and protein (p. 83). How- 
ever, two general kinds of nucleic acid are known: (1) 
DNA (deoxyribonucleic acid) and (2) RNA  (ribo- 
nucleic acid), each having a slightly different chem- 
ical structure. The RNA proteins are present in the 
cytoplasm as well as in the nuclei of cells generally; 
but the DNA proteins, of which genes are composed, 


are restricted (except for viruses) almost entirely to 
nuclei. 


The nucleic acid fraction of most viruses 
has proved to be of the DNA (deoxyribo- 
nucleic acid) type. Throughout all nature, 
such DNA proteins are recognized as the 
most essential components represented in 
the structure of the genes, the instruments 
of hereditary transmission in all organisms. 
The DNA proteins, indeed, show two very 
unique and important characteristics. Each 
is capable of engineering self-synthesis by pro- 
viding a template that guides the synthesis 
of its own structure (p. 522). And in addition, 
the DNA elements of the cell may provide 
templates for the synthesis of other sub- 
stances (Chap. 27). 

The unit particles of different viruses are 
generally too small to be seen with any light 


microscope, but they can be resolved by the 
electron microscope (Fig. 1-6). Among vi- 
ruses with spherical particles, the diameters 
range from about 17 millimicrons (mp) for 
the alfalfa mosaic virus, to about 225 milli- 
microns (Fig. 1-6) for the vaccinia (cowpox) 
virus (used for vaccinations against smallpox 
in man). In some cases (for example, human 
influenza virus), traces of lipid (p. 80) and 
carbohydrate (p. 76) compounds are present, 
in addition to the nucleoprotein; and gen- 
erally speaking the protein fraction of the 
particles is localized at the surface, forming 
a sort of envelope surrounding the nucleic 
acid. 

Virus particles are much smaller and sim- 
pler than bacterial cells, which are perhaps 
the smallest cells. The bacterial cell is several 
thousand times larger and it contains a wide 
variety of chemical components—water, 1n- 
organic salts, lipids, and carbohydrates—in 
addition to proteins and nucleoproteins. In 
short, bacteria show a fairly typical proto- 
plasmic structure. The simplest virus, on the 
other hand, may be a single large molecule 
of nucleoprotein or, at most, a complex of 
relatively few molecules. Consequently, if it 
ever is proved that viruses are truly alive, it 
will have to be admitted that the simplest 
forms of life are not much more complex 
than certain inanimate kinds of matter. 

Are Viruses Alive? The crux of the ques- 
tion as to whether the viruses are truly alive 
lies in the fact that no virus has ever dis- 
played any capacity for growth and replica- 
tion, except when the virus is inside some 
well-recognized kind of living cell. When a 
virus particle makes contact with the proper 
kind of living cell, penetration occurs, but 
only the DNA fraction actually enters (p. 524). 
In the cell, the viral DNA rapidly undergoes 
self-replication and less than an hour later, 
usually, the amount of viral DNA has in- 
creased more than a hundredfold. Viral pro- 
tein then begins to appear and the multipli- 
cation of complete viral particles has been 
achieved (p. 525). In other words, viral DNA, 
inside the host cell, behaves like a foreign 
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gene, usurping the material that ordinarily 
would be used in the replication of the nor- 
mal genes of the host cell itself (p. 522). The 
virus appears to provide a pattern that ac- 
tivates certain molecules present in the host 
cell to assemble and unite in such a way as 
to form new virus. Indeed, it sometimes hap- 
pens that a certain virus may become incor- 
porated into a chromosome of a host cell and 
thus be carried from cell generation to gen- 
eration quite indefinitely. 

The foregoing observations make it doubt- 
ful that the growth and replication of viruses 
represent a truly independent type of repro- 
duction, such as is characteristic of living 
things generally. On the other hand, certain 
bacteria are obligatory parasites, which never 
reproduce except within some living host; yet 
no one is inclined to doubt the living status 
of these forms. Certainly viral replication 
bears a very close resemblance to genic repli- 
cation (p. 522), which is an integral part of 
reproduction in all organisms. Many unsuc- 
cessful attempts? have been made to cultivate 
viruses and to induce them to reproduce in 
some medium in which no living cells are 
present. But unless or until such cultivation 
is achieved, we must continue to regard the 
viruses as more or less transitional] between 
the living and nonliving forms of matter. 


THE PROGRESS OF SCIENCE 


A science is a systematically organized body 
of knowledge, based upon precise unbiased 
observation and integrated by logical reason- 
ing. To the fullest possible extent, scientific 
knowledge is checked and counterchecked by 
carefully planned and strictly controlled ex- 
periments. 

Without special training in scientific re- 
search, man has always been quite helpless 
in trying to understand the nature of his 
universe. In very early times man depended 


2A recent report indicates that viral growth and 
replication has been observed in a cell-free medium. 
However, preformed DNA, extracted from cells, was 
provided in this medium. 
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upon superstition to cover his ignorance of 
natural events; and this led to the creation 
of many gods: of the wind, the sun, the 
harvest, and so forth. But even at the dawn 
of civilization, some capacity lor accurate 
observation was gradually developing, as can 
be seen in the records of annnal and plant 
life that the cave dwellers painted by torch- 
hight on the walls of their ancient homes 


(Fig. 1-7). 


during the past 75 years—well within the 
memory of our fathers and grandfathers— 
research laboratories have developed in every 
important university, in every industry, and 
in every part of the world. This new group of 
workers has been carefully trained in the 
scientific method, and has widely extended 
the Ironticrs of natural science. Consequently 
the present-day student of biology, chemistry, 
physics, or other science begins work with a 





Fig. 1-7. 
of Font de Gaume. (Courtesy of the American Museum of Noturol History, New York.) 


Early civilized men, especially the Egyp- 
tians, Greeks and Romans. begun to use 
direct observation rather than superstitious 
tradition as the basis of their thinking. In Lact 
the ancients began to test their conclusions 
by experiment, and many roots of our scien- 
tific knowledge can be traced back into the 
classical period. 

But the scientifie attitude did not survive. 
After the decline of the Romans, supersti- 
tion prevailed again for almost fourteen cen- 
turies. The scant scientific knowledge that 
survived the Dark Ages was “second hand” 
—passed on from generation to generation, 
chiefly by the medieval monks. 

During the Renaissance, much of the an- 
cient learning was revived, and science began 
to gain a new momentum. Gradually the sci- 
entific method came into its own. Especially 


Scientific observation began in prehistoric times. Cro-Magnon artists in the Cavern 


double heritage. He receives not only a large 
fund of knowledge, tested by the scientists of 
every nation, but also a most useful tool—the 
fully developed method of science. 

The Scientific Method. Unquestionably, 
trial-and-error procedures play an important 
part m all research, especially in the earty 
exploratory stages. Behind these probings, 
however, there usually stands a well-defined 
plan, in which the reasoning is partly induce- 
tive and partly deductive. The scientific 
method involves four steps—and the same 
steps are taken over and over again, as new 
eround is being gained and tested. 

I. Observation. The primary basis of all 





scientific thinking is observation—precisely 
quantitative and, above all, webiased by any 
preconcepuon as to the significance of the 
Observed data. Nowadays especially, the ob- 


servation may be somewhat indirect, involv- 
ing complex instruments and calculations, 
but the scientist must never be guilty of 
weighting the data in favor of his precon- 
cepuions. A current hypothesis or theory may 
serve to indicate an area where further ob- 
servations are needed and to determine the 
nature of the needed experiments, but it 
must never be allowed to warp the observa- 
tions. 

2. Interpretation, The second step in the 
research technique is to formulate a logical 
explanation of the observed data. This in- 
volves setting up a tentative hypothesis. The 
hypothesis is usually broader than the data 
from which it 1s induced, and consequently 
the hypothesis must remain tentative until 
further observatton either confirms or denies 
its validity. 

3. Prediction. This third step of the scien- 
tific method requires that predictions be de- 
duced from the working hypothesis. On the 
basis of such predictions new experiments 
are suggested for testing the hypothesis in 
question. If the predictions are verified by 
the experiments, the hypothesis is strength- 
ened; if not, the hypothesis must be modified 
or discardect. 

4. Experimentation, Each experiment is 
calculated to test the predictions that are 
deduced from a particular hypothesis. The 
experiment is so designed that it yields a sin- 
gle answer regarding the prediction in ques- 
tion. Accordingly, each experiment must be 
accompanied by a control in which all of the 
factors, except the one being investigated, 
are duplicated in the strictest posszble 
fashion. 

Experimentol Control. Assume, for example, 
that it is necessary to test a simple hypothesis: 
that the loss ol consciousness experienced by 
an aviator at high altitude depends upon a 
scarcity of oxygen. To prove this, it 1s neces- 
sary to subject the aviator to an experiment 
that rules out all other possibilities. At high 
altitude not only is the oxygen scarce, but 
the total atmospheric pressure and the tem- 
perature are greatly reduced. Moreover, there 
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may be accelerations and decelerations in the 
speed of flight. Therefore, to decide the issue, 
it is necessary to sect up a contro] experiment, 
utilizing a plane equipped with a pressurized 
cabin, in which the temperature, the compo- 
sition of the atmospheric gases, and other 
factors can be regulated. In the control ex- 
periment, the temperature and total air pres- 
sure would have to be lowered to the level 
indicated by the altitude in question, while 
at the same time the available oxygen would 
be maintained at the normal value, and the 
velocity of flight and other conditions would 
be the same as when the original blackout 
occurred. Under these conditions conscious- 
ness would not be lost. Consequently it could 
be concluded that the hypothesis was sound, 
and that unconsciousness does in fact depend 
upon a scarcity of oxygen. 

Hypothesis, Theory, ond Principle. The scien- 
tific method may be illustrated more com- 
pletely by considering an early hypothesis— 
as to the nature of combustion, or burning. 
This phtogiston hypothesis held favor prior 
to the discovery of oxygen by Lavoisier in 
1776. 

The phlogiston hypothesis held that com- 
bustible material, such as wood, contaims an 
unknown gaseous substance, called phlogis- 
ton, which begins to escape as soon as a ma- 
terial is heated sufficiently to begin burning. 
The hypothesis was based upon certain ob- 
servations: something (the flame) appears to 
escape from the burning body, and the ash, 
or remnant of combustion, usually has a 
lesser weight than the unburned material. 
But one deducible precliction of this hypoth- 
esis is that every material must be lghter 
after burning; and this prediction cannot be 
verified by all experiments. Some materials, 
such as magnesium, 1.e., the foil which burns 
with glaring speed in a photographic flash- 
light bulb, show an increase of weight after 
combustion. The ash, magnesium oxide 
(MgO), is significantly heavier than the un- 
burned magnesium (Meg). In view of such ex- 
ceptions, it became necessary to discard the 
phlogiston hypothesis. Then, with the discov- 
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ery of oxygen, a new hypothesis—the oxida- 
tion hypothesis—was formulated. This hy- 
pothesis was tested by countless experiments 
that extended through many years. Gradu- 
ally the oxidation hypothesis received sufh- 
cient confirmation to be called a theory, and 
finally the oxidation principle has taken its 
place as one of the established and funda- 
mental laws, or principles, of chemical sci- 
enee. 

The Biological Sciences. In a broad sense, 
all phases ot science that deal swith life and 
living things lie within the province of biol- 
ogy. However, it Is customary to separate the 
biological sciences into three parts: (1) soci- 
ology (Li. sects = society, and Gr. logos = 
study), which deals with social behavior, espe- 
cially in man; (2) psychology (Gr. psyche = 


mind), which treats of individual behavior, 
likewise primarily in man; and (3) biology 
(Gr. bios = life), which embraces al] other 
vital phenomena. 

Biology proper is further subdivided in 
complex fashion, as is shown diagrammatt- 
cally in Figure 1-8. However, this diagram 
fails to show many of the more detailed sub- 
divisions: bacteriology, protozoology, etc., 
which correspond to the various groups in the 
plant and animal kingdoms (see Appendix 
|B 

Values of Biology. The study of biology pro- 
vides a foundation for many specialized pro- 
fessions. In medicine or dentistry, for exam- 
ple, every phase of the training—every sub- 
ject in the medical and dental curricula—is 
essentially a part of biology. Unless these spe- 
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cial trainings are rooted in a sound concep- 
tion of general principles, the practitioner 
lacks a background for critical] judgment and 
proceeds by rule of thumb. Likewise in many 
other fields—in forestry, agriculture, and 
horticulture; in animal and plant breeding; in 
veterinary medicine and in the work of the 
fisheries—biology has great practical value. 

Above and beyond the practical uses of 
biology, however, there lies an even more im- 
portant realm of values—the contributions of 
biological sciences to human thinking and 
philosophy. All of science provides a chal- 
lenge to man’s intellect, but the ideas of bio- 
logical sciences have a uniquely direct bear- 
ing upon our concepts of origin and destiny, 
and upon how that destiny may be guided 
and achieved. 
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Continuity of Life. Nonliving matter is con- 
tinually converted into living matter by con- 
structive metabolism; and living matter 1s 
continually reconverted into lifeless matter 
by destructive metabolism and by the death 
of organisms. But so far as we know, non- 
living matter is converted into living matter 
only in intimate association with existing 
protoplasm—that is, in living organisms. In 
this present geological age, living organisms 
are known to originate only from other liv- 
ing organisms, by the processes of reproduc- 
tion. It seems logically inevitable that living 
matter must have originated, in the remote 
past, from nonliving matter, without the in- 
tervention of previously living matter, but 
the evidence as to how and under what condi- 
tions this happened, is rather scanty. 


TEST QUESTIONS 


1. Specify the activities that are generally ex- 
hibited by living things. To what extent are 
these activities limited to living things? 
Explain in what manner the “growth” of a 
crystal differs from the growth of typical liv- 
ing bodies. 

3. Name three viruses and explain how the sim- 
plest viruses differ structurally from small liv- 
ing organisms such as bacteria. 

4. Why is it necessary to reserve judgment in 
deciding whether the viruses are alive? Ex- 
plain carefully. 

5. Explain why control experiments are very im- 


ro 


FURTHER 


l. The Virus: Life’s Enemy, by Kk. M. Smith; 
New York, 1948. 
2. The Physics and Chemistry of Life, a collec- 


portant, exemplifying the discussion by a spe- 
cific example. 

6. Differentiate among hypothesis, theory, and 
principle, using specific examples. 

7. Explain why hypotheses are important in sci- 
entific research. 

8. Give a careful definition for each of the fol- 
lowing terms: (a) life: (b) protoplasm; (c) 
biology; (d) nutrition: (e) responsiveness; (f) 
reproduction; (g) metabolism; (h) ultramicro- 
scopic structure. 


9. What is the basis of the statement that “proto- 
plasm displays an unstable structure’’r 
READINGS 


tion of articles from Scientific American; New 
York, 1955. 

3. Science and Common Sense, by J. B. Conant; 
New Haven, 1951. 
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the Cell, 


and the Oreanism 


UNTIL about 125 years ago, very httle was 
known about cells. Since then, however, bi- 
olosists have coine to. rethve that the living 
parts of all definitely living things are com- 
posed of cells—one or a few in smaller 
organisms and many millions in larger forms 
SULGIdS* ld Geese 1 ch eee lis “Cen 
principle (p. 38) has had tremendous influ- 
ence upon all phases of biology. Accordingly, 
thie -basié -Oreinivation. ol itis text «centers 
around the form and function of cells, taken 
individually and in lnghly organized groups. 


THE CELL 


The cell may be defined as an organized 
unit mass of protoplasm, consisting of two 
complementary, mutually dependent parts: 
a more or less central part, the nucleus, and a 
surrounding part, the cytoplasm. Generally 
the nucleus is delimited from the surround- 
ing cytoplasm by an excecdingly delicate 
nuclear membrane (Fig. 2-2) and the cyto- 


plasm is bounded externally by a specialized 
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layer, also very thin and delicate, which is 
called the plasma membrane. However, in 
addition to these Intrinsic membranes, which 
are speciilized parts of the protoplasm 
proper. most-cells: are covered by a layer of 
relatively: inert maternal, which stabilizes the 
protoplasmic surface. The composition of 
such extrinsic, or nonprotoplasmic cell cov- 
enngseyaries according to~cell spe: (ps 33). 
But regardless ol type, the boundary mem- 
brane of a cell, consisting of the plasma mem- 
brane plus such extrinsic material as may be 
present, 1s olten referred to as the cell mem- 
brane. 

some small primitive unicellular organ- 
isms, especially the blue-green algae (p. 59+), 
do not seem to show a distinct segregation of 
nuclear and cytoplasmic materials (Fig. 2-3). 
In such ‘cells, the DNA proteins—a kind of 
material that in other cells is confined within 
the nucleus—appears to be scattered through- 
out the cytoplasm in the form of numerous 
fine granules, called chromidia. In other 
words, these cells contain nuclear material, 
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Fig. 2-1. Phatamicrograph of typical cells in a stained 
sectian af the root af an onion plant. Note that each 
nucleus appears as a dark raund bady surraunded by 
the lighter cytoplasm. In a few cells the nuclei are not 
in focus. Also same of the cells are dividing, in which 
case the chromasomes (p. 41) are visible. (Copyrighi, 
General Biolagicol Supply House, Inc.) 


but no nuclear membrane segregates this 
from the cytoplasm. Some caution is neces- 
sary, however, because these cells are ex- 
tremely smal] and the details of their struc- 
ture are difficult to observe. Until about 10 
years ago it was generally believed that bac- 
terial cells possessed such a chromidial] struc- 
ture, but now it is recognized that most, if 
not all, bacteria do have definitive nuclei. 
Another relatively rare condition 1s dis- 
played by the slime molds (p. 602), certain 
green algae (p. 596), and the fibers of the skel- 
etal type of muscle (Fig. 15-14). In these cases, 
no limiting membranes are found separating 
the individual “‘cells.” Rather, several nuclei 
are enveloped within a common mass of cyto- 
plasm. Such an atypica] arrangement is called 
a syncytium (Fig. 2-4). Some biologists have 
designated both of these atypical conditions 
—whether chromidial or syncytial in nature 
as “‘noncellular.” But 1t seems more logical] 
to regard them as variations of the normal] 





protoplasmic pattern, differing from the 
usual mainly in the lack of Inmuiting mem- 
branes—between the nucleus and cytoplasm 
in the first case and between adjacent cells 
in the second. In any event, extensive evi- 
dence is available (p. 34) showing that no 
“cell” can long endure or carry on all of its 
vital activities in the complete absence of 
either its nuclear or cytoplasmic components 
(p. 35). The nucleus and cytoplasm, there- 
fore, must be regarded as complementary, 
mutually dependent parts of one protoplas- 
mic unit, namely the cell. 

The Size of Cells. A great majority of cells 
are too small to be seen with the naked eye, 
which can resolve an object only if the diam- 
eter 1s not less than about 0.1] millimeter 
(mm). However, most cells can be seen plainly 
with the microscope, which extends the range 
of vision a thousandfold—down to diameters 
of about 0.1 micron (uz). Many bacteria 
which are among the smallest cells—lie at the 
very lowest limit of microscopic visibility 
(Figs. 2-5 and 2-6). At the other extreme, the 
largest single cells are the egg cells of birds. 
This kind of cell—which popularly is desig- 
nated as the “yolk of the egg’’—may measure 
more than 3 centimeters (cm) in diameter, as 
in the case of the ostrich egg. But such exam- 
ples are quite rare. Most cells, in both plants 
and animals, have dimensions between |] and 
100 microns, and thus most cells he definitely 
within the range of the compound micro- 
scope. 

There is a natural limit to the growth of 
any cell. ‘To support metabolism the cell 
must be able to obtain an adequate supply 
of oxygen and other foods, and to give off 
carbon dioxide and other wastes fast enough 
to avoid accumulation. These necessary ex- 
changes between the cell and the environ- 
ment can occur only at the surface of the cell, 
whereas metabolic activity pervades the en- 
tire protoplasmic mass. Consequently, the 
surface of the cell must be kept adequately 
large in proportion to the protoplasmic vol- 
ume. But as a cell grows larger, particularly 
if its shape is compact and rounded, the 
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ee ae Fig. 2-2. A typical animal cell. 
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Fig. 2-3. In a few primitive cells the nuclear 
and cytoplasmic materials are not seporated 
very distinctly; that is, no distinct nuclear mem- 
brane is present. In this cose the chromatin 
granules, or chromidia (the mast darkly 
shaded particles in the cells), are more ar less 
scattered thraughaut the cytaplasm. A, B, and 
C, cells of different blue-green algae, showing 
transitional stages in the develapment of the 
A B G delimited type of nucleus. (After Acton.) 





Fig. 2-4. Syncytial organisms: 
A, a slime mald, with mony 
nuclei scattered thraugh the 
continuaus mass of cytaplosm. 
B, small partian of filoment 
af a green olgo, with many 
nuclei ond chloroplasts scat- 
tered thraugh the continuous 
cytoplasm. 
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Fig. 2-5. Stained bacteria at a magnificatian af 


abaut 1000 diameters. (Capyright, General Bialagical 
Supply Hause, Inc.) 


proportion of surface to volume steadily 
diminishes. In a sphere, for example, the 
surface increases merely as the square of the 
diameter, whereas the volume increases 1n 
proportion to the cube of the diameter. Ac- 
cordingly, when a cell grows larger, it reaches 
a natural limit when its surface area becomes 
too small in proportion to its volume. This 
limit varies according to each particular cell 
shape and according to the intensity of me- 
tabolism. But when the limit is reached, the 
cell must either stop growing or it must 
divide. 

The Form of Cells. Different cells assume 
a great variety of shapes: spherical or oval; 
fixed or changeable; flat or elongate; spindle- 
shaped or lobose; polyhedral or cylindrical; 
and so forth. But generally speaking, the 
form of each cell bears a distinct relation to 
its particular function. Nerve cells, for exam- 
ple, are elongate and branched, a form that 





enables the cells to conduct impulses from 
one part of the body to another (Fig. 2-7); or 
epithelial cells—which cover the surfaces of 
the body—take the form of overlapping tiles, 
as in the skin of many animals, or of vari- 
ously shaped bricks, as in the lining of man’s 
digestive tract (Fig. 2-8). 

Likewise among plant cells form varies ac- 
cording to function. Root hair cells (Fig. 
2-9), for example, collectively constitute a 
specialized surface layer, or epidermis, which 
covers the root in the region where the plant 
absorbs water and mineral salts from the 
soil. The body of a root hair cell is bricklike, 
and the many separate “bricks’’ fit together, 
covering the surface of the root. But each root 
hair cell also displays an elongate outgrowth 
—the root hair proper. Each root hair ex- 
tends out among the particles of soil, making 
contact with the soil water. Thus the special 
form of the root hair cells enables them to 
perform a double function. Collectively they 
provide an epidermis for the outer surface of 
the root, and at the same time they absorb 
substances from the soil water. In fact, with- 
out root hairs the absorbing surface of the 
root would be reduced by almost 90 percent. 

Regardless of their shape, all cells tend to 
become rounded into droplike spheres, if 
freed from various restraining factors. This 
behavior results from the fact that proto- 
plasm is essentially a ltguid system. All small 
liquid masses—such as droplets of mercury 
or water—behave im this fashion. The round- 
ing results from surface forces that act in the 
boundary layers of liquids generally. The 
surface forces in protoplasm are small, rela- 
tive to those acting upon a drop of water ex- 
posed to the air. But the typical cell is a 
microscopic mass, and most cells do become 
rounded like other liquids, unless there are 
restraining factors. 

Many cells are rounded and droplike when 
first they are formed by cell division, and 
such cells must expend energy when they 
distort themselves into another shape. But 
after a cell has assumed its final form it may 
retain this shape in a variety of ways. It may 
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Fig. 2-6. Relative sizes and size ronges of vorious cells and porticles. The smallest unit used in biology is an 
Angstrom (A), which is equal to 0.1 millimicron. 
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Fig. 2-7. Two nerve cells in the spinal card. Each 


nerve fiber is an elongate extension from a particular 
nerve cell. Same fibers reach parts of the body several 
feet distant from the main part of the cell. The nuclei 
do not show clearly, due to averstaining. (Copyright, 
General Bialagical Supply House, Inc.) 


surround itself with a rigid or semirigid non- 
living coating, which holds the protoplasm in 
a definite mold; or as with a few cells, it may 
delicate internal skeleton that 
supports the protoplasm. Also, cells may be 
stabilized in shape by a gelling of the proto- 
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plasm (p. 94) or by pressure from surround- 
ing cells. 

Intracellular Structure. “The various types 
of light microscopes available today (Fig. 
2-10) enable one to observe the nucleus and 
other major intracellular structures in some 
detail; but the finer features of such struc- 
tures cannot be resolved by any of these light- 
focusing instruments. Cytologists, who spe- 
clalize in the study of cell structure, were 
greatly handicapped until quite recently, 
when the development of the electron micro- 
scope and associated techniques began to 
reach fruition. 

The limit of resolution of a light micro- 
scope is reached when the diameter of any 
spherical or cylindrical structure falls slightly 
below 0.1 niutcron (Fig. 2-6). Specifically, reso- 
lution fails when the structural dimension 
diminishes to about half the wavelength of 
the type of radiation being utilized. Thus 
ultraviolet light, although not visible to the 
eye directly, permits a photographic resolu- 
tion of fine structures down to about 0.06 
micron, But the electron beam extends the 
resolution even further, down to about 0.000] 
micron (1.0 millimicron). Today, therefore, 
the fine structure, or ultrastructure, of the 
protoplasmic parts can be examined, thus 
affording us a deeper understanding of the 
vital activities of living cells. 

There are many pitfalls in cytology, how- 
ever. Usually it is necessary to kill and fix the 
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Note that epithelial cells display virtually no intercellular material and 


that they cover the surface very completely. The three types shown here are: the 
tall columnar epithelium; the cuboidal epithelium; and the scalelike ar squamous 
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Fig. 2-9. Epidermol cells of root showing develop- 
ment of root hairs. Even the longest (uppermost) of 
these root hairs is not fully moture. 


cel] or tissue, using strong acids or toxic 
metals, in order to stabilize the labile proto- 
plasmic pattern and to obtain sharp resolu- 
tion of structure. In addition, the ceHs are 
frequently stained with special dyes, which 
differentially color the various protoplasmic 
parts. Tissues and other large masses of cells 
are too opaque for direct microscopic study, 
and such material must be cut into thin trans- 
parent slices, or sections. Electron microscopy 
not only requires that the cell be cut into 
exceedingly thin (usually less than 1.0 m1i- 
cron) sections, but also that the entire water 
content of the protoplasm be removed, in 
order to achieve an adequate transinission of 
the electron beany. Such drastic treatments, 
especially complete desiccation im vacuum, 
must alter the protoplasmic structure, leav- 
ing only a derivative of the original pattern. 
A study of these derivatives has proved most 
fruitful and informative, but it is always 1m- 
portant to check and recheck such observa- 
tions, comparing them, whenever possible, 
with studies on the living cell. 


The Nucleus. In the living cell, the nucleus 
is hard to see, although usually a good micro- 
scopist can bring it into view. The difficulty 
arises from the fact that the nuclear and cy- 
toplasmic parts of the protoplasm have many 
common properties. Typically both are col- 
orless, transparent, and fluid and both have a 
broadly comparable chemical constitution 
(Chap. 4). Consequently 1t is not surprising 
to find that the optical differentiation be- 
tween the nucleus and cytoplasm is often very 
shight. 

When a nondividing cel] 1s stained by any 
of the conventional techniques of cytology, 
the nucleus is plainly visible, since generally 
it takes on a deeper color than the cytoplasm 
(Fig. 2-1). Certain dyes, especially hema- 
toxylin, display a distinct affinity for the 
nuclear materials. However, such nuclear 
dyes do not stain all parts of the nucleus with 
equal intensity. There appears to be a net- 
work of relatively more solid material that 
stains very intensely. Collectively this densely 
stainable material 1s referred to as chromatin. 
The chromatin network, however, appears 
to be suspended in a more fluicl, nonstain- 
able, achromatic material. One to several 
larger masses of chromatin material, the nu- 
cleoli, are usually found, closely associated 
with the chromatin network (Fig. 2-1). 

The precise nature of the chromatin net- 
work of the nondividing nucleus remains 
somewhat debatable. However, considerable 
evidence (Chap. 27) indicates that the chro- 
matin network is made up of a specific num- 
ber of elongate threads looped and massed 
together in such a fashion that they give the 
appearance of a network. These threads are 
the chromosomes (p. £75). The chromatin ma- 
terial of the chromosomes consists, essentially, 
of nucleoproteins, especially DNA proteins, 
although some RNA proteins are also repre- 
sented in the nucleus. DNA proteins occur mn 
almost infinite variety, however, if we con- 
sider the precise pattern of their chemical 
structure (p. 521). In fact, the DNA proteins 
of each organism are uniquely distinctive of 
that organism. These, as we shall see, are the 


genic materials. They mediate the transmis- 
sion of heritable characteristics from genera- 
tion to generation in the organism (Chap. 
26). Each DNA unit possesses a remarkable 
capacity for determining its own synthesis, 
thus achieving self-replication (p. 522). More- 
over each carries a code of instructions for the 
synthesis of other important components in 
the cell (Chap. 27). 

At the time of cell division (Chap. 3), the 
elongate DNA-protein threads become tightly 
compacted into short rodlike bodies that are 
easy to recognize as chromosomes (Figs. 2-] 
and 2-11A). By this time each thread has 
undergone replication, forming duplicate sis- 
ter chromosomes, which still lie side by side 
(Fig. 2-11A). Then, as cell division proceeds, 
the duplicate chromosomes become separated 
from each other. Thus finally, when two new 
daughter cells have been formed, each re- 
celves one member of every pair of sister 
chromosomes. By this means the chromoso- 
mal and genic structures of the cell are per- 
petuated from generation to generation. 

Between divisions the chromosomes ener- 
getically carry out their synthetic activities. 
‘The chromosomes become exceedingly elon- 
gate, each appearing as a delicate, complexly 
folded thread (Fig. 2-11B). In the uncoiled, 
elongate form, the chromosomes are more 
difficult to resolve. Moreover, since a number 
of such elongate threads are massed together 
within the confines of the nuclear membrane, 
it is very difficult to distinguish them ind1- 
vidually. 

DNA proteins occur almost exclusively as 
components of nuclei, or more particularly 
of chromosomes (except in the case of 
viruses). But RNA proteins (p. 525) are found 
both inside the nucleus and outside, in the 
surrounding cytoplasm. Both types of nucleo- 
proteins display a generally similar chemical 
structure (p. 525). However, they can be dis- 
tinguished on the basis of a very useful stain- 
ing process, called the Feulgen reaction. DNA 
compounds, by virtue of their content of 
deoxyribose sugar (p. 80), yield a positive 
Feulgen coloration; whereas RNA _ com- 
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pounds, in which the sugar constituent is 
ribose, are negative to the Feulgen reaction. 

A considerable body of evidence indicates 
that the RNA components of the cell originate 
from the DNA elements. In fact DNA ap- 
pears to provide a template (p. 134) for the 
synthesis of RNA. Temporarily, RNA may 
accumulate in or around a definitive center, 
the nucleolus, but eventually much of it is 
translocated into the cytoplasm (p. 526). The 
importance of RNA in relation to the syn- 
thesis of enzymes and other proteins in the 
cell will be considered later (p. 134). 

Nucleoli are now generally recognized as 
definitive intranuclear organelles. Generally, 
nucleoli are Feulgen negative; the number 
present is fixed and definite in each kind of 
cell; they tend to disappear during each cell 
division; and new nucleoli originate at fixed 
points on specific chromosomes, after cell 
division has occurred. 

Nuclei vary widely as to size, form, and 
position. Usually, however, the nucleus 1s 
rounded, and usually it lies near the center 
of the cell. The relative size of the nucleus 
also varies, from a small fraction to almost 
the whole cell volume. In any one kind of 
cell, however, the ratio between nuclear and 
cytoplasmic volumes appears to remain quite 
constant. 

The Cytoplasm. All the protoplasm of a 
cell, exclusive of the nucleus, is the cytoplasm. 
Under a light microscope, the main part of 
the cytoplasm, which has been termed the 
clear cytoplasmic matrix, gives the appear- 
ance of an optically empty fluid, in which a 
variety of visible bodies—mitochondria (p. 
28), vacuoles (p. 28), fibrils (p. 30), etc.—are 
suspended. 

The term clear cytoplasmic matrix, al- 
though much used prior to the development 
of electron microscopy, is nonetheless mis- 
leading. The electron microscope shows that 
the so-called clear cytoplasm possesses a com- 
plex ultramicroscopic structure. This consists 
mainly of an elaborate system of exceedingly 
delicate interconnected double membranes, 
collectively called the endoplasmic reticulum 
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Fig. 2-11. Chromosorres from the cells of a newt (Triturus cristatus carnifex). A, compoct, or shortened, form 
of the chromosomes, such as occurs during cell divis‘on. Note the pairs (sister chromosomes) that have origi- 
nated by division. B, a pair of sister chromosomes (the smallest pair of A) after undergoing extension, or elon- 
gation (d'plotene stage of meiosis). Active synthesis of RNA and protein (p. 524) occurs only while the chromo- 
somes are thus “unfolded.” The term “lampbrush chromosomes,”” often opplied to such extended forms, is 
descriptive of the numerous looplike excrescences that come off from the centrol core of the chromosomol fila- 
ment. (Courtesy of H. G. Callan, The University, St. Andrews, Scotland.) 


(Fig. 2-12). Parts of this membrane system 
display a branching tubular form, but mainly 
it shows a pattern of numerous parallel 
double sheets, intricately connected with one 
another (Fig. 2-13). The total thickness of 
these double membranous sheets is only 
about 10 millimicrons, which, of course, pre- 
cludes resolution by the ordinary micro- 
scope. 

As will be apparent later (Chap. 8), the 
endoplasmic reticulum is of great impor- 
tance. It provides the cell with an extensive 
system of surfaces (p. 95) upon which various 


enzymes may be localized in orderly pattern. 
Some of the foci of chemical activity, namely 
the ribosomes, can be identified in any good 
electronmicrograph of the endoplasmic retic- 
ulum. The ribosomes appear in procligious 
number, as an array of electron-dense parti- 
cles lined up in orderly series along the sur- 
faces of the double membrane sheets (Figs. 
2-12 and 2-13). Analysis shows that the ribo- 
somes are composed in large part of RNA- 
protein material. Apparently they represent 
focal points for the synthesis of enzymes and 
other cytoplasmic protein compounds (p. 134). 


Fig. 2-10 (facing). Various types of light microscopy are used in studying different feotures of cell structure. 
Some cell (Paramecium bursaria) photogrophed with different techniques; specimen fixed, but not stained; 
final magnification, K 900 to « 1000. A, ordinary brightfield: light transmitted vertically through the speci- 
men. B, darkfield: light transmitted more or less horizontally across the specimen. C, polarizing microscope: 
polarized light transmitted vertically. D and E, phase-contrast microscopy: utilizes changes in the phose of 
light induced by tronsmission through the cell structures. F, interference microscopy: proper calibration of this 
instrument permits calculation of the density of the various cell parts. Note how the sharpness of the different 
structures varies with the technique; macronucleus, well defined in D, E, and F; refractile crystals, brightly 
shown in B ond C; contractile vacuole (lower end) perhops best shown in D; symbiotic algae (small round, 
dark bodies in periphery of cytoplasm) most clearly shown in C and E; gullet (curved structure to right of 
macronucleus) well defined only in F. (Photographs by Oscar W. Richards, Chief Biologist, Americon Opticol 
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Cytoplasmic Organelles. The organelles 
are structurally specialized parts of the cyto- 
plasm in which certain of the activities of the 
cell are focalized. The mitochondria and 
lysosomes are stable structures, probably pres- 
ent in all cells; whereas spindles, asters, and, 
perhaps, centrioles appear only transiently, 
during cell division. Vacuoles, plastids, and 
myofibrils, on the other hand, are character- 
istic features found only in particular kinds 
ol cells. All of these structures, except the 
lysosomes, can be seen under the light micro- 
scope, but it is necessary to use the electron 
microscope to resolve the details of their 
morphology. 

Mitochondrio. Usually several hundred of 
these sausage-shaped structures are in the cyto- 
plasm of animal and plant cells generally. 
Prior to the development of electron micros- 
copy, the mitochondria were differentiated 
from other small cytoplasmic bodies by virtue 
of their susceptibility to staining with a par- 
ticular dye, janus green. Now, however, they 
are recognized on the basis of their uniquely 
characteristic ultrastructure (Fig. 2-12). 

As may be seen in the electronmicrograph 
of Figure 2-12. or perhaps more: clearly in 
the diagram of Figure 2-13, each mitochon- 
drion is a vesicle bounded by a double mem- 
brane. The inner membrane displays numer- 
ous complexly arranged infoldings called 
cristae. As will be explained more fully later 
(Chap. 8), the mitochondria are very impor- 
tant organelles, especially with reference to 
the development of useful energy within the 
cell. The extensive, complexly organized 
membrane system of each mitochondrion 
provides for the patterned positioning of a 
whole group of oxidizing enzymes. These 
enzymes, working together as a team, maneu- 
ver a stepwise series of energy-yielding trans- 
actions (pp. 147 and 148). 

Lysosomes. Definitive recognition of these 
somewhat smaller, usually round cytoplasmic 
vesicles, which are found in the cytoplasm of 
many, if not all, cells, came after the develop- 
ment of the electron microscope. Each ly- 
sosome (Fig. 2-15), unlike a mitochondrion, is 


bounded by a single membrane, and 10 
cristae are present. At present, the evidence 
indicates that lysosomes are centers in which 
certain enzymes, especially hydrolytic en- 
zymes (p. 102), are localized. Such enzymes may 
be usetul to the cell, especially if reconstruc- 
tion becomes necessary. The hydrolytic en- 
zymes exert a disruptive action (p. 84) upon 
proteins and other large organic molecules. 
Presumably, therefore, they must be segre- 
gated and kept out of contact with other 
structures In the cytoplasm, except on spe- 
cial occasion. 

Plostids. Typically, plastids are pigmented 
bodies of fixed and definite form. The most 
important and widely distributed kinds are 
the chloroplasts (Fig. 2-]4), found in the cells 
of the green parts of all typical plants. The 
chloroplasts, with their content of the green 
pigment chlorophyll, are of tremendous im- 
portance in the economy of life. Thev enable 
plants to carry on photosynthesis (Chap. 9). 
By this process, light energy is trapped and 
utilized (indirectly) for the synthesis of glu- 
cose, and other organic compounds, from 
carbon dioxide and water (p. 161). This pr- 
mary type of organic synthesis stores enor- 
mous amounts ol energy. Eventually this 
energy is utilized, not only by the plants, but 
also by al] other forms of life. Moreover, 
photosynthesis regenerates free oxvgen, and 
thus it prevents a depletion of this important 
component of our atmosphere (Chap. 9). 

Photosynthesis ts not a simple process. 
Rather it is a complex series of interlinked 
reactions about which more and more is 
being discovered. Accordingly, it is not sur- 
prising to find that chloroplasts possess a 
complex internal ultrastructure, as may be 
seen in Figure 9.2. Inside each chloroplast 
are many smaller bodies, the grana (Fig. 
9-3), each granum consisting of a system of 
complexly folded membranes (Fig. 9-3). Just 
how this highly organized svstem functions 
in coordinating and achieving the processes 
of photosynthesis is not enurely known, bit 
some aspects of the problem will be consid- 
ered in Chapter 9. 
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Golgi Bodies. Golgi bodies are specialized 
areas of cytoplasmic structure that are sel- 
dom, if ever, found in plant cells; among 
animal cells, the Golgi “apparatus” is par- 
ticularly conspicuous in gland cells. Usually 
the cell displays just one Golgi area, in the 
vicinity of the nucleus, differentiated on the 
basis of its susceptibility to staining with 
neutral red and on the basis of its ultrastruc- 
ture (Fig. 2-13). 

The Golgi body appears to be a specialized 
part of the endoplasmic reticulum. Probably 
it is concerned with the synthesis or elabora- 
tion of secretional products, which differ ac- 
cording to the particular kind of gland cell 
observed. Ribosomal granules appear to be 
absent from the boundary membranes of the 
Golgi organelle (Fig. 2-13). 

Cytoplasmic Vacuoles. Vacuoles are of 
various kinds. In general, each is a fluid- 
filled vesicle with a definitive boundary mem- 
brane. However, certain vacuoles may con- 
tain one or more masses of solid material sus- 
pended in the fluid content. 

Contractile Vocuoles. Contractile vacuoles 
are characteristic of one-celled fresh-water 
animals, such as Amoeba. In the amoeba (Fig. 
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Fig. 2-15. 


2-15) the contractile vacuole appears as a 
clear, round vesicle that gradually increases 
in size. Reaching a maximum, the contractile 
vacuole suddenly fades from view as it dis- 
charges its contents to the exterior of the cell. 
Apparently the contractile vacuole serves to 
extract water from the cytoplasm and to 
pump it outside the cell. This work must go 
on constantly, since water keeps entering the 
cell by osmosis (Chap. 6). Thus if the work 
of the contractile vacuole is stopped, as it 
may be by certain drugs, the amoeba begins 
to swell and finally it may reach the bursting 
point. 
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Cell Sap Vacuoles. Cell sap vacuoles are 
characteristic of large, mature plant cells 
(Figs. 2-9 and 14). Each is filled with cell sap, 
an aqueous solution of mineral salts. Fre- 
quently the large cell sap vacuole occupies 
all of the central part of the plant cell, so 
that the -evtoplasmi as limited toa relive ly 
thin layer, between the vacuole and the cell 
wall (Fig. 2-]+). Usually the nucleus lies in 
tisthin; superficial layer-ol cytoplasm, al: 
though sometimes it is found at the center 
of the vacuole, surrounded by a small amount 
of cytoplasm and suspended by strands of 
cytoplasm that stretch across the vacuolar 
spuce (Fig. 2-16). Cell sap vacuoles play an 
important role in controlling the water bal- 
ance in plant cells and tissues generally 
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Phagacytic and Pinocytic Vacuoles. Many cells 
are capable of engulfing materials from the 
fluids that surround them. Such active engulf- 
ment always involves an inpocketing ol the 
surface membrane, followed by a pinching 
off into the surrounding cytoplasm of one or 
more vacuoles, of varying size, containing 
the engulfed material. If the engulfed mate- 
rial includes, in addition to fluid trom the 
outside medium, microscopically visible solid 
material, such as bacteria or bits of organic 
matter, the process is called phagocytosis 
(literally “eating by the cell’). Such vacuoles 
are referred to as phagocytic vacuoles, or 
more simply as food vacuoles (Fig. 2-15). Il 


the entrapped fluid does not include any 
visible solid matertal, one speaks of pino- 
cytosis (literally, “drinking by the cell’) and 
the vacuoles are referred to as pinocytic 
vacuoles (Fig. 6-9). 

Phagocytosis has been recognived as an 
important biological phenomenon since the 
latter part ol the nineteenth century, when 
Metchnikofl, working at the Pasteur Institute 
in Paris, first observed the engulfment ol 
bacteria by white blood-cells (Fig. 17-4). The 
formation of food vacuoles, indeed, repre- 
sents the standard method by which amoebae 
(Figs. 7-1 and 7-2) and other one-celled ani- 
mals ingest their lood. In the food vacuoles, 
organic food substances are gradually d- 
gested, in preparation for absorption, lrom 
the vacuole cavity into the surrounding cyto- 
plasm. 

Pinocytosis, on the other hand, was not 
precisely described and named until 1931], 
when Warren H. Lewis of Johns Hopkins 
University recorded the process in tissue cul- 
cure cells. It is difficult to observe pinocytosis 
because the tubular inpocketings (Fig. 6-9) 
are very delicate and the multiple pinocytic 
vacuoles, which pinch off internally, are very 
small. In fact, some cells develop channels 
and vacuoles that are of ultramicroscopic 
dimensions and cannot be demonstrated 
without the electron microscope. Probably 
pinocytosis represents an important mechan- 
ism by which cells take in substances of great 
molecular size, as will be discussed later 
(Chap. 6). 

Fibrillar Structures. There are a variety of 
cytoplasmic structures that exhibit a pattern 
of precisely oriented threads, or fibrils, either 
microscopic or ultramicroscopic in dimen- 
sion. These include myofibrils (p. 286), con- 
tractile elements demonstrable in all types 
of muscle tssue; neurofibrils (p. 195), conduc- 
tive elements found in Paramecium and cer- 
tain other unicellular animals: and ciliary 
fibrils (p. 197), a precisely arranged group ol 
ultrafine, presumably contractile, threads 
demonstrable by electron microscopy in all 
cilia (p. 195) and flagella (p. 195). In addition 
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to these persisting elements of cell structure 
there is the mitotic apparatus (Fig. 3-3), 
which appears transiently each time a cell 
clivides (Chap. 3). 

Granules of more or less inert materials 
are found in virtually every kind of cell. 
Many of these granules represent stored 
materials, such as starch grains (in plant 
cells), fat droplets or glycogen grains (in 
animal cells), and yolk granules (in egg 
cells). Others, particularly in gland cells, 
are secretory granules. Secretory granules 
are composed of special products. syn- 
thesized and accumulated in the gland cell, 
later to be extruded as components of some 
secretion. Pigment granules give characteris- 
tic colors to the cells and tissues containing 
them; still other granules merely represent 
waste products accumulated and precipitatecl 
in the cytoplasm. The size of the granules 
in the cytoplasm extends down to and beyond 
the limits of microscopic and_ ultramicros- 
copic resolvability to the level of relatively 
small molecules, such as glucose and water. 

Intrinsic (Protoplasmic) Membranes. At 
every surface, protoplasm displays an altered 
structure, forming a subvisible specialized 
layer, or membrane, which is denser and less 
fluid than the rest of the protoplasm. The 
plasma membrane, at the external surface of 
the cytoplasm, is such a layer. In addition 
there are a number of other intrinsic mem- 
branes at internally placed surfaces in the 
cell: at the boundary between the nucleus 
and cytoplasm (the nuclear membrane); bor- 
dering each vacuole (vacuolar membranes); 
and at the contact surfaces between the cyto- 
plasm and the visibly differentiated struc- 
tures such as mitochondria, Golgi bodies, 
chloroplasts, etc. All these living membranes 
possess a number of unique and important 
properties, but these properties have been 
studied most extensively in the plasma mem- 
brane. 

The Plasma Membrane. The plasma mem- 
brane is so thin that it is not microscopically 
visible as a separate structure. It appears 
merely as the external boundary of the cyto- 


plasm. Nevertheless the plasma membrane 
has great functional importance. It plays a 
dominant role in controlling the passage of 
substances into and out of the cell. 

Because the plasma membrane is not re- 
solvable with any type of light microscope, 
many earlier biologists doubted its existence. 
These workers compared the cell to a mass 
of gelatin or other gelated material, in which 
no differentiated boundary membrane is pres- 
ent. To explain the fact that certain sub- 
stances—particularly dyestuffs like phenol 
red—tfail to penetrate the cell from a sur- 
rounding solution, it was said that the proto- 
plasm had no “chemical affinity” for the dyes 
in question. 

Proof for the existence of the plasma mem- 
brane was finally obtained by means of 
microinjection experiments (Fig. 2-17). If a 
phenol red solution is microinjected into the 
cytoplasm, it does color the protoplasm. In 
fact the injected dye spreads throughout the 
whole cytoplasm; but when it reaches the 
boundary surface, it cannot pass out of the 
cell. Therefore it is certain that the bound- 
ary layer is different from the internal cyto- 
plasm, and this differentiated surface layer is 
called the plasma membrane. The plasma 
membrane prevents the molecules of phenol 
red from entering the cell from a surrounding 
solution, and likewise it prevents the dye 
from leaving the cell once it is placed inside. 
Such an experiment, of course, must be per- 
formed on a cell from which any extraneous 
coating has been removed, since otherwise it 
would not be possible to rule out the non- 
protoplasmic membrane as a barrier to the 
passage of the dye. 

The plasma membrane, like other parts of 
the living protoplasm, displays a well-defined 
capacity for self-repair. If the cell surface is 
torn—as, for example, with a microneedle— 
the gap seals itself spontaneously, provided 
the tear is not too drastic. But if a very ex- 
tensive rent is torn in the plasma membrane, 
a visible wave of disintegration sweeps over 
the surface of the cell, and within a few sec- 
onds all parts of the protoplasm disintegrate. 
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Fig. 2-17. 


A modern micromanipulotor with accessory equipment. This apparatus permits the operator to in- 


ject fluid reagents into the cytoplasm, or into the nucleus of o cell, and to dissect the cell in various ways. Two 
of the control levers that guide the microinstruments are shown (lower left). A photomicrographic camera is 
mounted above the microscope. Above this (not shown in the photo) there is a television screen. This enables 
the operator to observe the cells while they are being dissected and photographed. (Courtesy of M. J. Kopac, 


New York University.) 


This experiment shows that the plasma mem- 
brane is an integral part of the hving proto- 
plasm without which the cell cannot remain 
alive. 

Much is now being learned about the struc- 
ture of the plasma and other intrinsic mem- 


branes ol the cell, directly from electron- 
micrographic studies, and indirectly from 
stucies on the special properties of such 
membranes. The plasma membrane (Fig. 
2-13) proves to be about 8.0 millimicrons 
thick in the destecated state, although prob- 


ably it approximates 10.0 millimicrons in the 
living cell. It appears to consist of two layers 
of electron-dense material between which lies 
a layer of less dense substance. Presumably, 
the denser material is of protein composi- 
tion, whereas the layer of lesser density 1s 
lipid (p. 80). The structural and functional 
characteristics of the plasma membrane and 
of other intrinsic protoplasmic surfaces will 
be considered more thoroughly in Chapter 6. 

Extraneous (Nonprotoplasmic) Membranes. 
In most cases the cell is covered by some sort 
of extraneous membrane, which lies in con- 
tact with the outer surface of the plasma 
membrane. Such nonliving covers protect the 
protoplasm from mechanical injury and help 
to maintain the characteristic shape of the 
particular cell. Extraneous membranes are 
usually thick enough to be visible under the 
microscope and are composed of inert sub- 
stances that have been synthesized by the 
protoplasm and deposited at the external 
surface. 

The extraneous membranes of plant cells 
are generally quite different from those of 
animal cells, and consequently they are given 
different names. In the case of plant cells it 
is customary to speak of the cell wall; and in 
the case of animal cells, one speaks of the 
pellicle. In the tissues of higher animals, the 
pellicular covering of the cells may be very 
thin or even absent, although usually some 
sort of extraneous intercellular material can 
be demonstrated. 

The cell wall (Figs. 2-14 and 2-16) of plant 
cells is generally stronger, more rigid, and 
less elastic than the pellicle of animal cells— 
as can be demonstrated by experiments. If 
plant and animal cells are placed in distilled 
water, which tends to make cells swell (Chap. 
6), the results are quite different in each case. 
Animal cells, owing to the greater elasticity 
and weakness of the pellicle, continue to 
swell. The cells become larger and larger, 
until finally they burst. But plant cells swell 
only slightly, and then stop. The strength of 
the cell wall, like that of the casing of an auto- 
mobile tire, prevents further swelling, despite 
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the fact that the inflation pressure in the 
plant cell may reach a value of several atmos- 
pheres. 

The converse of this experiment demon- 
strates the greater rig?dity of the cell wall, as 
compared to the pellicle. When plant and 
animal cells are placed in strong salt solu- 
tions, which induce the protoplasm to shrink, 
marked differences are again observed. As the 
animal cell shrinks, at first the pellicle 
shrinks along with the protoplasm. But as 
shrinkage continues, the flexible pellicle be- 
comes wrinkled (Fig. 2-18) and distorted to 


28 m @ 
TOGO aba" srs 
Q i 


ge a 


NORMAL 


Fig. 2-18. The shrinking of animal cells (human red 
cells). Note the wrinkled pellicle in the shrunken cells. 


SHRUNKEN 


fit the reduced contour of the cell. In the 
plant cell, on the other hand, the cell wall 
does not shrink as the protoplasm shrinks; 
nor does the cell wall become wrinkled. The 
protoplasm merely pulls away from the rigid 
wall and continues to shrink by itself until 
It occupies only a small part of the original 
tightly fitting compartment (Fig. 2-19). 
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Fig. 2-19. The shrinking of a plant cell. The cell 
wall is rigid and does not shrink as the protoplasm 
shrinks. 
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The different physical properties of the cell 
wall and pellicle reflect a fundamental dif- 
ference of chemical constitution. Vhe cell 
wall of the typical plant cell is composed 
mainly of a carbohydrate substance, cellu- 
Jose, which is the special component of all 
‘woody’ materials. But the pellicular cover- 
ing of typical animal cells is composed mainly, 
if not entirely, of mucoprotein substances 
(Chap: -[). 

Extraneous material, found between the 
cells of certain tissues, is designated generally 
as intercellular matrix. In some tissues (for 
example, bone and cartilage) the matrix is 
more abundant than the protoplasm (Fig. 
15-17). Like the cell wall or pellicle, the ma- 
trix 3s secreted by the cell it surrounds, and 
the matrix is not part of the protoplasm. 
Even in tissues possessing no visible matrix, 
small amounts of an analogous material, the 
intercellular cement, are usually present. 
This material binds the cells together—pelli- 
cle to pellicle, or cell wall to cell wall, as the 
case may be. 

The nonliving nature of extraneous mem- 
branes and matrices generally is emphasized 
by the fact that they are not essential to the 
life of the cell. By microdissection and other 
techniques, the cell wall or pellicle can be re- 
moved from a number of plant or animal 
cells. Such naked cells are more vulnerable to 
mechanical injury and may fail to maintain 
therr normal shape, but they do continue to 
live. In time, the naked cells may replace 
the missing protective material. 

Functional Responsibilities of the Nucleus 
and Cytoplasm. By microdissection 1t 1s pos- 
stble to remove the nucleus lrom certain cells 
(Fig. 2-20) or to cut the cell into two surviv- 
ing picces ol roughly equal size, one with a 
nucleus and the other without. 

The common fresh-water amoeba, because 
of its large size and ease of culture, provides 
a favorable cell for the performance of such 
microoperations. Virtually none of the cyto- 
plasm is lost during the enucleation and the 
cell membrane repairs itself instantaneously 
when the nucleus is carefully pulled out 





Fig. 2-20. Using microneedles to remove the nucleus 
from on omoebo. The bottom needle holds the 
omoebo while the top one pulls out the nucleus 
through the cell membrone. (Photograph retouched.) 
(Courtesy of Robert Chombers.) 


through it (Fig. 2-20). Also, when the amoeba 
is properly cut in hall, the cell membrane on 
both sides of the cut becomes sealed imme- 
diately. 

The enucleated amoeba continues most of 
its vital activities for about two weeks. It can 
move and ingest flood; it digests and absorbs 
this food; and it even shows some slight 
signs of growth. But it is not able to repro- 
duce. Gradually growth and activity cease 
and the cytoplasm begins to waste away. 
Finally, usually within two to three weeks, 
the cell remnant disintegrates. Observations 
on the anucleate halves of cut amoebae yield 
similar results, except that the survival time 
is usually less. 

The nucleated half of a cut amoeba has a 
different fate, however. Its activity and 
growth continue vigorously. Within a day or 
two it has more than regained its original 
size, Whereupon cell division occurs and re- 
production is achieved. In Tact the nucleated 
half of a cell displavs a full potential for con- 
tinuing all its vital activities, mecluding re- 
production. 


Further experiments with anucleate ‘‘cells,” 
especially those in which radioactive tracer 
methods (p. 141) have been used as a means of 
following constructive metabolism, have 
yielded some basic conclusions, which will be 
cliscussed more filly later (Chap. 4). Suffice 
it to say here that the nucleus, with its con- 
tent of specific DNA proteins (genic mate- 
rials), provides for the continued production 
of complementary RNA proteins, which are 
passed on to the cytoplasm. In the cytoplasm, 
these RNA compounds provide templates for 
the synthesis of enzymes and other proteins, 
which are essential for continued growth and 
activity. In the absence of a nucleus to re- 
plenish RNA, the cytoplasm gradually loses 
its powers of synthesis and begins to waste 
away. Moreover, since only the DNA pro- 
teins of the nucleus display any capacity for 
self-replication, no reproductive potential 
remains in the anucleate “cell.” In any event, 
these experiments give firm support to the 
conclusion that each cell, nucleus and cyto- 
plasm together, represents a protoplasmic 
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Fig. 2-21. 
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unit from the viewpoint not only of form, 
but also of function. 

The importance of the nucleus in construc- 
twve metabolism is emphasized by other ob- 
servations. The nucleus usually migrates to 
any part of a cell where active synthesis is 
occurring (Fig. 2-21); and gland cells—ain 
which constructive metabolism goes on very 
rapidly—tend to possess exceptionally large 
or even lobulated nuclei, which expose a 
maximum of surface to the surrounding cy- 
toplasm (Fig. 2-21D). 


THE CELL AND THE ORGANISM 


In the simplest organisms the whole body 
consists of a single cell, and within the limits 
of such a cell there may be a fairly complex 
differentiation of structures, especially in the 
case of animal cells. ‘The nutrition of a typi- 
cal animal (Chap. 7), even in unicellular 
forms, presupposes a capacity to sense the 
location of food, to move toward food, and 
to ingest, digest, and absorb the food; and 
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The nucleus is concerned with synthetic processes in cells. A, growth 


of root hairs from epidermal cells of root of plont; note the locotion of the 
nuclei close to the points of rapid growth. B, C, plant cells synthesizing local 
thickenings of the cell walls, with the nuclei close to the point of special 
thickening in each case. D, a cell of the silk gland of o caterpillar, with a large 
lobulated nucleus. (A, B, ond C ofter Haberlondt; D, ofter Korschelt.) 
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these reactions require a complex structural 
organization even in the single cell. 

The unicellular condition has limitations, 
however, particularly as regards the maxi- 
mun size to which the organism can grow 
(Deel). Ihirger organisms—up to a limit, 
which is quite large—possess many obvious 
biological advantages. Large organisms are 
less vulnerable to sinall environmental forces 
ancl they are less at the mercy of smaller 
enemies. Bacteria, because of their smallness, 
are continually bulleted from side to side by 
the random bombardment of the molecules 
ol=the avater m-whriely “they: alive: bit the 
greater bulk of the larger aquatic lorms 
makes them immune to such small forces. 











Fig. 2-22. 


When a small insect, or other animal, falls 
upon still water, it may be caught and torn 
by surface tension; but larger animals may 
clamber in and out of water without any fear 
of snch a puny force. A salmon breasts the 
strongest stream, impossible for even the fast- 
est swimming protozoan; while an elephant 
may easily uproot a tree that previously was 
the home of many smaller creatures. 

The advantages of greater size were gained 
by plants and animals mainly through the 
evolution of cell aggregates. In simplest form 
such aggregates are mere colonies, with the 
individual cells independent of each other. 
But colonial forms were tollowed 1n evolu- 
tion by multicellular organisms, in which 
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Rare phenamenan, faund only in a few slime malds. In this case a mutiti- 


cellular “‘arganism’’ ariginates by the caming together af many separate cells. Most af 
the time this mald (Dictyastelium) takes the form af a multitude of separate amaebalike 
cells that move and multiply in the sail, amang the ratting leaves. Sometimes, hawever, 
the cells all come tagether (stage I) forming a multicellular mass that displays integrated 
lacomatian while it migrates far several hours (stages I-III). Then all the cells caaperate 
in building a camplex structure with a spare capsule at the top (stages IV-VI). Finally 
a multitude af unicellular spores are discharged fram the capsule. Each spare gives rise 
ta another individual ‘‘amaeba.” (Redrawn after J. T. Banner, Princetan University.) 


the many cells are of different kinds, each 
being fitted for some special function. Ac- 
cordingly, the different cells of the multi- 
cellular organism are dependent upon each 
other to a very significant degree. 

Except in rare cases (Figs. 2-22 and 2-23) 
multicellular organisms arise, not by the com- 
ing together of previously dissociated cells, 
but by the staying together of cells derived 
by division from a single parent cell. In fact, 
virtually all multicellular plants and animals 
return to the unicellular condition each time 
a new individual is conceived. Among plants 
and animals, generally all the cells of each 
offspring are derived by division from a fer- 
tilized egg cell. 

In multicellular organisms each different 
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Fig. 2-23. 
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kind of cell, taken as a group and including 
any intercellular matrix that may be present, 
constitutes a tissue (for example, bone and 
muscle, in animals; xylem and epidermis, in 
plants). The tissues in turn compose the 
organs (such as the stomach of an animal, or 
the leaf of a plant), each organ being fabri- 
cated of several different tissues. Finally, the 
organs themselves are grouped into organ 
systems (such as the digestive system, or the 
nervous system), each system subserving some 
general function in the nutrition, responsive- 
ness, or reproduction of the organism as a 
whole. 

In higher organisms, the distribution of 
substances is effected by body fluids (such as 
blood, lymph, or sap) that flow throughout 


Photographs showing the separate cells af the slime mold coming together to form a multicellular 


amoebaid mass (such os is shown in Fig. 2-22, stoge |). Left, aggregation commencing; right, multicellular mass 
building up. (Courtesy of J. T. Bonner, Princeton University.) 
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the body in definite channels. Likewise, the 
nervous system effects an integrated behavior 
of the body parts in higher animals generally. 
These connections enable the cells, tissues, 
and organs of the multicellular body to act 
together as a unified whole—the organism. 
But whatever the organism does is done by 
its cells, and the noncellular parts of an or- 
ganism are lifeless products and passive tools 
subserving the activities of the living cells. 
Thus the life of the organism is to be con- 
sidered as the sum total of the integrated ac- 
tivities of its component cells. To consider 
that the organism is “‘something more than 
the sum of its cells” is like considering that a 
machine is something more than the total of 
its parts. Without question, the properties of 
the wiholesmachine are cletermined’ by “the 
relations, as well as by the structures, of the 
separate parts—and how the parts are fitted 
and linked together is just as important as 
how each is formed individually. Likewise 
the activities of an organism result from the 
interacuion, rather than from the inde- 
pendent action, of the component cells, 
organs, and organ systems. 

The tissue cells of a complex animal sub- 
ordinate themselves to the functions of the 
whole organism, but all the cells are indi- 
vidually alive, and some retain an unlimited 
potential for growth and multiplication. 
This can be shown by the technique of tis- 
sue culture. In this technique a small piece, 
usually of embryonic tissue, is placed in a 
nutnient medium, such as the blood plasma 
of the same animal. Optimum conditions are 
the cells by changing the 





provided for 
medium at frequent intervals, meanwhile 
trimming away excess quantities of tissue as 
growth continues. The utmost care to pre- 
vent bacterial contamination must be taken 
during all these operations. 

In tissue culture, some cells retain their 
characteristic form and activity and their 
capacity to grow quite indefinitely. At the 
Rockefeller Institute, for example, a piece 
of heart tissue, taken from a chick embryo, 
was cultured for more than 20 years. In thus 


tissue some of the cells remained motile and 
continued to grow throughout the whole 
period. In fact, if all this growing tissue could 
have been saved and provided with good con- 
ditions, the accrued amount of new tissue 
would now be many times the volume of 
this earth. 


THE CELL PRINCIPLE 


The cell principle has gradually developed 
from the cell hypothesis, and now it has at- 
tained a very fundamental importance in 
biology. This development may be sum- 
marized as follows: 

J. Plant and animal bodies, with minor 
exceptions, are composed of one or more 
cells. Among the first to° eniphasive™ tls 
generalization were a botanist, Mathias 
Schleiden (1838), and a zoologist, “Theodor 
Schwann (1839), who submitted the cell hy- 
pothesis almost simultaneously, Much earher 
Robert Hooke (1665) had observed plant 
cells, and Anton Leeuwenhoek (1660) had 
Observed anunal cells. However, these early 
investigators could not have realized the 
general occurrence and wide significance of 
tierce: 

2) The essential living part ob sever cell 
is Its protoplasm. In the early development 
of the cell hypothesis, the cell wall (or the 
pellicle) was thought to be more important 
than the protoplasm; and it was not until 
1861 that Max Schultze recognized that the 
protoplasm alone displays the essential attri- 
butes of hfe, in both plant and animal cells. 

oo New cells-arise only by dinisie:: (rami 
pre-existing parent cells—at least under con- 
ditions as they exist today. Accordingly each 





species of plant and animal represents an 
unbroken cell lineage extending back into 
ancient time. The first of these conclusions 
was stated clearly by Virchow in 1855; the 
second derives from the work of August Weis- 
mann in the latter part of the nineteenth 
CelniChiy: 

+. ach cell-—so-lone as it retains: its. ¢ca- 
pacity for growth and multiplication—must 


be considered as an integral living unit. This 
conclusion was confirmed by tissue culture 
experiments, which were begun by Harrison 
neo 

). The life of the whole organism rep- 


Protoplasm, the Cell, and the Organism - 39 


resents the sum total of the integrated life 
of the component cells. This conclusion 1s 
scarcely susceptible to proof, but is a view- 
point supported by a wide variety of observa- 
tions and experiments. 


TEST QUESTIONS 


]. List the features that are possessed by typical 
cells generally. Make a fully labeled sketch 
of any cell that displays all these features. 
Explain why each of the following ts not to 


tO 


be regarded as a typical cell: (a) blue-gieen 
algae; (b) certain slime molds. Make labeled 
sketches to illustrate the points In question. 

3. Cite examples (including the dimensions of): 

a. an extremely small cell 
b. an extremely large cell 
c. a cell of average size 

4. Explain how and why cells generally cannot 
grow beyond a certain definite limit. 

5. Why do cells tend to assume a droplike form 
when constraining factors are absent? Ex- 
plain. 

6. Cite two examples to illustrate the general 
rule that the form of a cell is generally re- 
lated to its function. 

7. Distinguish between: 

a. chromatin and chromosomes 
b. chromatin and chromidia 
c. chlorophyll and chloroplasts 

8. Cite evidence indicating that the chromatin 
part of the protoplasm is very essential in 
every cell. 

9. Specify five kinds of cytoplasmic bodies and 
explain how each 1s identified. 
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Carefully identify each of the following: (a) 
phase-contrast microscopy; (b) darkfeld mi- 
croscopy; (c) interference microscopy; (d) 
electron microscopy. 

Whit properties of the plasma membrane 
distinguish it from such extraneous mem- 
branes as the pellicle and cell wall? 

Describe the microinjection technique and 
explain how it has been used to prove the 
existence of the plasma membrane. 

Define the terms ‘‘cell wall’ and “pellicle”; 
specify at least three differences between 
these two kinds of membranes. 

Cite an experiment that demonstrates the 
general importance of the nucleus in the 
metabolic activities of the cell. What other 
evidence tends to substantiate the conclusion 
drawn from the experiment? 

Distinguish between an organ and an organ- 
ism. 

Explain the technique of tissue culture; what 
important conclusion has been derived from 
tissue culture experiments? 

Carefully identify each of the following 
terms: (a) lysosomes; (b) chromosomes; (c) 
ribosomes; (d) Golgi bodies; (e) mitochondria; 
(f) nucleolus; (g) endoplasmic reticulum. 
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SOONER or later each kind of cell reaches 
a size at which it must either stop growing or 
divide. It at 1s to be <livition, the cell beoins 
to undergo a drastic reorganization of both 
its nuclear and cytoplasmic structure. In- 
deed, a considerable part of the metabolic 
activity of the cell during its life between 
divisions appears to be directed toward the 
synthesis of new materials in preparation for 
the next division. The cell is. thus ready to 
replicate itself, and all the important and 
dramatic events of cell division can begin to 
proceed without delay and with great preci- 
sion. 

Biologists are generally agreed that new 
cells arise solely by division from pre-existing 
parent cells, at least under conditions as they 
exist today. Consequently cell division pro- 
vides the underlying basis for all forms olf re- 
production—sexual as well as asexual (p. 
51)—in every kind of plant and animal. Cell 
division also provides a basic mechanism for 
the transmission of hereditary qualities from 
cell generation to cell generation, and from 
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generation to generation of the whole organ- 
ism. 

In man and in multicellular animals gen- 
erally, all che cells of the body arise by divt- 
sion from a single embryonic cell, the fertil- 
ized egg. This fertilized egg, lormed by the 
fusion of two cells, an egg and a sperm, like- 
wise arises by division trom the cells of the 
parent organisms. The same situation also 
holds true lor most plants. However, the cells 
of some plants are formed by the multiplica- 
tion ol another kind of cell, called a spore, 
which differs somewhat from an egg cell 
(Chap. 12). 

In both plants and animals a great major- 
ity of the cells are produced in the same wav, 
by a type of cell division called mitosis, 
which was described briefly in Chapter 2. 
But it 1s important to realize that certain 
reproductive cells—especially the eggs and 
sperm in animals, and the spores in plants— 
are produced by a somewhat different tvpe of 
cell division called meiosis. These two types 
of division, although somewhat modified in 
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a few special cases, are the only normal 
methods of division that occur in nature. 
Generally speaking, the body cells of the 
organism are formed by mitosis, but the 
eggs and sperm (in animals) and the spores 
(in plants) are produced by meiosis. 


MITOTIC CELL DIVISION 


Mitosis, the more usual type of cell] divi- 
sion, represents one of the most intricate and 
beautifully regulated processes in all the 
realm of life. Essentially, it enables the cell 
to produce two replicas of itself, the two 
daughter cells, each possessing a full poten- 
tial for perpetuating the unique character- 
istics of its lineage. 

To some extent the successive stages and 
events of mitosis can be observed sequentially 
in the living cell. However, a [ull apprecia- 
tion of the detailed pattern of changing 
structure requires the use of cells that have 
been fixed, stainecl, and subsequently studied 
microscopically. In such cases, critical judg- 
ment must be used in deciding upon the 
proper sequence of the statically recorded 
events, and always it must be realized that 
only a derivative of the living structure 1s 
under observation. 

Prophase. The mitosis of animal] and plant 
cells is fundamentally similar. There are 
certain small differences, however, which will 
be mentioned in the course of the following 
general description. 

One very early sign that mitosis has started 
is that the chromosomes, still within the con- 
fines of the nuclear membrane, become easier 
to identify individually. Each appears as a 
long, slender thread (spireme stage) that 
continues to become shorter and stouter and 
to stain more and more intensely (Fig. 3-1, 
prophases). In favorable cases, a spiral struc- 
ture can be observed in each chromosome, as 
is indicated diagrammatically in Figure 3-2. 
The spirals appear to become more and more 
tightly coiled as the chromosome progres- 
sively shortens and thickens. Finally each 


chromosome attains a very compact, im- 


tensely staining form (Figs. 2-1]A and 3-2). 
Moreover, as soon as the chromosomes be- 
come clearly visible, it can often be seen that 
each consists of two parallel threads, lying 
side by side. In fact, each prophase chromo- 
some appears to be constituted, essentially, 
of two parallel spiral strands of Feulgen 
positive material (Fig. 3-2). 

Somewhere along its length, each chro- 
mosome displays a more compact section, 
which is designated as the kinetochore, or 
centromere (Figs. 2-1] and 3-2). The kineto- 
chore seems to represent a specific anchorage 
point for the attachment of certain spindle 
fibers. Usually the kinetochore occupies a 
position more or less halfway between the 
ends of the chromosome, although some- 
times it is very eccentric, even to the point of 
being terminally located. Soon after the 
double structure of the chromosome becomes 
discernible, it is possible to see that the kine- 
tochore is also double. By the end of pro- 
phase, in fact, the two halves of each chro- 
mosome, which now are compact, rodlike, 
and (usually) slightly bent at the locus of the 
kinetochore, are separated slightly from one 
another (Figs. 2-1] and 3-2). Now it can be 
said that the process of chromosomal replica- 
tion has been completed and that each origi- 
nal chromosome has divided into two iden- 
tical daughter chromosomes. 

While the chromosomes are shortening, 
thickening, and becoming sharply delineated, 
the nucleoli begin to lose their distinct out- 
lines, and finally they fade from view com- 
pletely. Also toward the end of prophase the 
nuclear membrane begins to fade. Soon it 
disappears, perhaps by fragmenting into 
pieces that become dispersed (Fig. 3-2). 

Meanwhile dramatic events are going on 
in the cytoplasm. Very early, while the chro- 
mosomes are still elongate, the mitotic appa- 
ratus (Fig. 3-3) appears. This consists of two 
mitotic centers, between which there is a 


1In some cases the coils themselves appear to be 
coiled, so that a multiple, rather than a double, spiral 
structure appears while the chromosomes are becom- 
ing shorter and thicker during prophase. 
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Fig. 3-1. Mitosis in a typical plant cell. 
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ANAPHASE 

Fig. 3-2. 
system of protoplasmic fibers, collectively 
called the spindle. The mitotic centers are 
regarded as specialized parts of the cyto- 
plasm, situated at the ends, or poles, of the 
spindle, although these regions sometimes 
are not very clearly delineated, especially in 
plant cells. The fibers toward each end of the 
spindle always converge, however, toward a 
definitely localized center. Moreover, in 
larger animal cells at least, radiating from 
each mitotic center there 1s a stellate system 
of protoplasmic fibers, collectively designated 
as the aster (Fig. 3-2). Also in most, if not 
all, animal cells, a pair of short rodlike 
bodies, the centrioles, can be demonstrated 
occupying a local position in the mitotic 
center (Figs. 3-2 and 3-5). 

The centrioles are “self-replicating” struc- 
tures. They appear to focalize the dynamic 
activities of the mitotic center during the divi- 
sion of animal cells generally. The spindle 
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Diagram depicting modern concept of mitosis as observed in a typical animal cell. 


always stretches between the centriolar re- 
gions, and the plane of division regularly cuts 
across the center of the spindle at right 
angles to the spindle axis (Fig. 3-2). More- 
over, the two short rodlike units that consti- 
tute each pair of centrioles always lie at right 
angles to one another. Each unit of the pair, 
as seen at high magnifications in favorable 
electronmicrographs, consists of a compact 
bundle of 27 fibers (perhaps tubules), ar- 
ranged concentrically in groups of three 
(Fig. 3-5). Sometimes the units of each pair 
ol centriolar bodies replicate themselves very 
early, toward the end of one mitosis, in prepa- 
ration for the next; but in other cases replica- 
tion 1s delayed until early prophase of the 
next division. In any event, the sister pairs 
of centrioles, after replication has occurred, 
move to opposite sides of the prophase nu- 
cleus, and the spindle begins to appear be- 
tween the diverging sister pairs (Fig. 3-2). 
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Fig. 3-3. 
urchin) by the method of Mazia and Dan. A, lote metaphase; B, prophase, at time of breakdawn of nucleor 
membrone. To isolate the apparatus one uses very cold (—12°C) 30 percent alcohol as a stabilizing agent; 
then a detergent (digitonin, 1 percent) is employed to disperse the cytoplasm. (Courtesy of Daniel Mazia, Uni- 
versity of California.) 


Moreover, as may be judged from the very 
precise observations of Donald Costello, of 
the University of North Carolina, the orten- 
tation displayed by the paired centriolar rods 
at one mitosis exerts a determining influence 
upon the plane of division in the next 
mitosis. 

The spindle likewise displays a duplex 
structure. One set of fibers, collectively re- 
ferred to as the central spindle, extends full 
length from pole to pole. The other set. 
which is usually designated as traction fibers, 
originates from the poles, but each terminates 
by making connection with the kinetochore 
of some one of the chromosomes (Fig. 3-2). 
When the spindle has reached [ull develop- 
ment, the nuclear membrane usually has 
begun to disappear (Fig. 3-2). However, in a 





Mitotic apparatuses, or spindle-aster-chromosome complexes, removed from dividing egg cells (seo 


few exceptional cases it has been observed 
that kinetochore connections can be estab- 
lished even while the membrane continues to 
persist. In any event, there is one important 
rule that is never broken, except in rare acci- 
dental cases. The members of a sister pair of 
kinetochores, formed as each chromosome 
divides into two daughters, never establish 
connection with the same pole of the spindle. 
In other words, the two daughter chromo- 
somes, formed by the division of each parent 
chromosome, become connected to opposite 
poles of the spindle. 

Metakinesis and Metaphase. After the dis- 
appearance of the nuclear membrane, the 
pairs of daughter chromosomes, each daugh- 
ter lying parallel to and in contact with the 
other, are arranged more or less randomly 
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Fig. 3-4. Mitosis in a typical animal cell (egg cell of a sea urchin). Note particularly the 
asters, centrioles, and cleavage furraws. These structures are rorely found in plant cells. 
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Fig. 3-5. Paired centrioles af a human tumor cell (Desille lymphosarcoma). Final magnificatian, »~ 160,000 
(approximate). Note the pattern revealed by the cross section: nine triplet groups of tubules (or perhaps fibers) 
arranged in a circle. This pattern appeors to be general, as indicated in electronmicragraphs of the centri- 
oles of various other dividing cells. (Caurtesy of Wilhelm Bernhard, Institut de Recherches Scientifiques sur le 
Cancer, Villejuif, France.) 
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around the center of the cell, near the now 
clearly defined spindle. Soon, however, they 
are moved into a precisely regimented ar- 
rangement at the exact center of the spindle 
—that is, halfway between the poles and 
regularly disposed around the spindle axis 
(Fig. 3-2). While the chromosomes maintain 
this mid-point position, the cell is said to be 
in the metaphase of mitosis. The final stages 
of prophase, while the chromosomes are 
being moved to the metaphase position, are 
usually referred to as metakinesis. 

Anaphase. Anuphase is the period that 
embraces ull stages during which the sister 
chromosomes are separated from one an- 
other, as they are moved toward, and finally 
to, opposite poles of the spindle (Figs. 3-2 
and 3-4). Each of the chromosomes originally 
present in the parent cell has undergone 
replication into identical pairs of sister chro- 
mosomes, and now the sister members of each 
pair regularly pass to opposite poles of the 
mitotic apparatus. 

The exact mechanism that brings about 
the anaphase movements of the chromosomes 
is still somewhat problematical. Considerable 
evidence exists, however, to indicate that the 
chromosomes are pulled along the length of 
the spindle by contractile processes inherent 
in the traction fibers. The kinetochore of 
each chromosome, to which a traction fiber 
is attached, regularly leads the way, and the 
limbs, on either side of the kinetochore, ap- 
pear as if they were being dragged through a 
viscous medium. Thus during anaphase, the 
chromosomes display ¢ and V shapes, depend- 
ing upon whether the kinetochore is exactly 
centered, and the limbs of the bent chromo- 
somes regularly trail away from the poles of 
the spindle. The traction fibers can be ob- 
served to become shorter and shorter as the 
chromosomes move from the equator to the 
poles. The fibers do not thicken as they 
shorten, however, as might be expected if the 
contraction were of an elastic nature. Indeed, 
a few biologists have postulated the exist- 
ence of unknown forces—of attraction be- 
tween the kinetochores and the mitotic cen- 


ters, or of repulsion between sister kineto- 
chores. According to such views the fibrous 
structure of the spindle would be interpreted 
as a molecular orientation resulting from 
lines of force generated by the attraction or 
repulsion. A less ephemera] mitotic structure 
appears more kelly, However especially in 
view of the important recent work of Mavzia 
and Dan. These investigators have shown 
that the mitotic apparatus can be isolated as 
a stable, integral structure, to which the chro- 
mosomes remain attached, when certain cells, 
particularly dividing egg cells, are fixed in 
cold alcohol] and then treated with detergents 
that dissolve or disperse all other parts of the 
cytoplasm (Fig. 3-3). 

Not all of the force that operates to sepa- 
rate the daughter groups of chromosomes 
can originate in the traction fibers, however. 
While the traction fibers are shortening, the 
fibers of the central spindle are lengthening. 
But here again no change in the caliber ol 
the-clibers. las been: olperveds “ihe precise 
mechanisms by which these processes of 
shortening and lengthening are brought 
about remain obscure. Nevertheless, 1t must 
be recognized that the lengthening of the 
central spindle participates in the work of 
moving the daughter groups of chromosomes 
to opposite sides of the dividing cell. 

Telophase. During telophase, the final 
phase of mitosis, the new nuctei of the two 
prospective daughter cells become organized 
and the cytoplasm of the parent cell becomes 
divided, usually in roughly equal fashion, be- 
tween the two resulting daughter cells (Fig. 
3-2). 

Soon alter reaching the poles of the spin- 
dle, the chromosomes begin to elongate and 
to lose their compact, densely staining form, 
thus making it difhcult to distinguish them 
individually (Fig. 3-2). Meanwhile. a new 
nuclear membrane is formed, or perhaps as- 
sembled, around the chromosomes, and the 
nucleus of each daughter cell takes on the 
appearance of the parent nucleus before 
mitosis began. This telophase reorganization 
of the daughter nuclei probably represents a 
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reversal of the processes that occurred in the 
parent nucleus during the previous pro- 
phase. Instead of coiling more and more 
tightly the spiral structure appears to uncoil 
to a considerable degree; in this extended 
form (Fig. 2-11B) the chromosomes are ex- 
tremely delicate and difficult to delineate 
microscopically. 

While nuclear reorganization is progress- 
ing, cytoplasmic division is achieved. Plant 
and animal cells differ, however, as to the 
mechanisms of cytoplasmic division. In the 
plant cell, a partition, called the cell plate, 
is built across the center of the cell. The cell 
plate passes directly across the center of the 
spindle, at right angles to the spindle axis 
(Fig. 3-1). The plate, in fact, appears to be 
constituted of materials derived from the 
middle section of the central] spindle. In any 
event the cell plate soon splits into two paral- 
lel plates between which the cell walls of the 
new cells are deposited. 

The animal cell divides its cytoplasm in 
another way, however—namely, by furrow- 
ing (Figs. 3-2 and 3-4). The division furrow 
(cleavage furrow) appears at the beginning 
of telophase, encircling the equator of the 
cell, in the plane that passes through the 
center of the spindle at right angles to its 
axis. Gradually the furrow deepens until it 
cuts through the cytoplasm and spindle rem- 
nant completely, thus separating the daugh- 
ter cells. By now, nuclear reorganization has 
been consummated, the mitotic apparatus, 
with the exception, perhaps, of the centrioles, 
has faded from view, and the miitosis 1s 
complete. 

The duration of the mitotic process varies 
in different kinds of cells. It may last a few 
minutes or several hours, the prophase usu- 
ally being longest. The duration of the inter- 
mitotic stage is even more variable. In rap- 
idly developing tissues, one mitosis may suc- 
ceed another with practically no interval at 
all; but in the specialized tissues of a multi- 
cellular organism many of the mature cells 
may never divide again during the lifetime 
of the individual. 


SOME CURRENT PROBLEMS 


The events of mitosis have been observed 
and describecdl in a wide variety of cells for 
more than 60 years. Yet a fundamental un- 
derstanding of the intricate mitotic mech- 
anisms remains elusive. There are many 
questions for which only partial answers or 
no answers have been obtained. What is the 
“trigger” that initiates nutosis and how is the 
precise timing of the successive mitotic stages 
so beautilully regulated? What is the func- 
tional role of the asters and why is it that 
these structures are not essential in the divi- 
sion of plant cells, or even of smaller animal 
cells? By what means do the genes, chromo- 
somes, centrioles, and other structures effect 
a replication of themselves and how does the 
animal cell obtain energy for furrowing into 
two cells? These and many other problems 
are berng studied intensively with modern 
research techniques and more progress can 
be expected soon. 

Perhaps the best recent progress has been 
made in reference to the manner in which 
the DNA _ proteins, or genic substances, 
achieve their replication in the chromosomes. 
Such studies have been aided greatly by the 
development of radioactive isotopes (p. 141). 
These provide a means of tracing, step by 
step, the metabolism of self-templated syn- 
thesis, as will be explained more fully later 
(Chap. 27). However, it is necessary to dis- 
tinguish between self-guided synthesis, which 
replicates the genic substances, and the divi- 
sion of a whole chromosome into daughter 
chromosomes. DNA synthesis, apparently, is 
completed before mitosis starts, whereas the 
sister chromosomes are not individually dis- 
tinguishable until prophase. 

Good progress can also be noted in refer- 
ence to the manner in which the cell de- 
velops mechanical energy in achieving the 
anaphase movements of the chromosomes. 
The studies of Daniel Mazia and co-workers, 
at the University of California, hold good 
promise that this long-standing problem will 
soon be resolved. 
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Likewise the problem of how the division 
furrow develops energy for cleaving the ani- 
mal cell into two daughters is receiving con- 
siderable attention. Here, however, two more 
or less Opposite hypotheses are being tested: 
(1) that lurrowing results [rom an expansion 
ol the cell surface (viewpoint of M. MM. Swann 
and Mf. Mitchison, in Great Britain); and (2) 
that furrowing results Irom the conwaction of 
a peripheral girdle of strongly gelled (p. 94) 
cytoplasm that forms around the equator of 
the cell during telophase (viewpoint of W. 
H. Lewis and D. A. Marsland, in the United 
States). At present, final decision on this 
problem cannot be made, although recent 
developments tend to favor the contraction 
viewpoint. 

Control of Cell Division. One very impor- 
tant and ditheult problem in biology is to 
ascertain precisely how the multiplication of 
cells is controlled within the body so that 
the number of cells in each part is appropri- 
ate to the requirements ol the body as a 
whole. In the human body, lor example, mi- 
totic acuvity remains at a high level in the 
dilferent parts of the embryo, but as develop- 
ment proceeds, mitosis becomes less and less 
frequent. At maturity, indeed, most of the 
cells have stopped dividing. Mitotic activity 
becomes confined to certain localized regions, 
such as the skin, where the epithelial cells 
continue to multiply, replacing the surface 
layers as. they wear-aways on tlie gonads (p. 
380), where the many prospective gametes are 
being formed; in wounds, while the processes 
ol repair are going on; and in blood-ftorming 
and certain other tissues. 

The Cancer Problem. Little is known about 
the factors. that reenlae cell division, but 
usually they are most effective in controlling 
the population of each kind of cell in the dul- 
ferent organs of various animals and plants. 
On rare occasion, however, something goes 
wrong and the cells in some part of the body 
begin dividing without restraint. This results 
in an abnormally large and improperly or- 
ganizecdt mass of cells called a tumor. Benign 
types of tumor, which do not display a very 


high level of mitotic activity and which tend 
to become encapsulated by the surrounding 
tissues of the host, serious. 
Eventually the benign tumor tends to stop 
growing and usually it is not difficult to re- 
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move surgically. But malignant tumors, or 
cancers, possess a very high mitotic rate and 
an unlimited capacity to spread at the expense 
ol any surrounding tissues. Moreover, small 
groups of the cancerous cells may become de- 
tached lrom the main mass and be carried by 
the circulatory system to some other part of 
the body, where a secondary cancer, or metas- 
tasis, will start. Consequently, 1t 1s most tm- 
portant that a malignant tumor be cletected 
and removed as soon as possible, belore it has 
invaded some vital region, and belore it has 
metastasized. Among higher animals gener- 
ally, (wo main types of malignancies are dis- 
tinguished: carcinomas, in which the can- 
cerous cells are of an epithelial nature; and 
sarcomas, in which the cells are of a connec- 
tive tissue type. 

The causation of cancerous growths Is a 
complex problem, especially since not all 
types originate in the same way. One type, 
the Rous sarcoma in chickens, appears to be 
initiated by a filrable virus. This type, there- 
lore, can be transmitted to a healthy bird 
merely by mnjecting cell-free fluicl from a dis- 
eased individual. The transmission of other 
tumors, on the other hand, involves trans- 
planting some of the cancerous cells. Also, 1¢ 
is known that certain bacteria are capable of 
inducing tumorous growths in- plants, al- 
though once induced, such tumors can con- 
tinue to grow even in the absence of the bac- 
teria. Certain mahgnant tumors in animals 
can be induced by chemical compounds 
(originally isolated from tar), and once in- 
duced, such cancers hkewise continue to grow 
after the carcinogenic compound has been 
removed. All in all, therefore, it seems prob- 
able that cancerous cells develop some in- 
trinsic difference, possibly a change in their 
genic material, that makes them insensitive 
to hormonal (p. 400) and other factors that 
normally limit the multiplication of body 
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cells. However, very little is known about 4 y l 3 
these Tactors and cancer still remains a 
hideous unsolved riddle. 

Primitive Forms of Mitosis. It is difficult to 
observe the processes of mitosis in bacteria 
(p. 601) and blue-green algae (p. 594) because 
the cells are very small. In many bacteria a 
single chromosome appears and divides at 
the time of fission, but whether there is a 
well-developed mitotic apparatus has not yet 
been determined. Among the blue-green 
algae, the chromidial bodies (p. 18), which 
may represent very small chromosomes, are 
carefully lined up, divided and separated into 
two groups that soon are walled off into sepa- 
rate cells (Fig. 3-6). Among many protozoxns 
(p. 625), definite chromosomes are formed, but 
the mitotic apparatus lies entirely inside the 
nuclear membrane, which persists through- 
out the division (Fig. 3-7). 





Fig. 3-6. Cells of Oscilloforio, o coloniol blue-green 
alga, showing a simple type of mitotic division. 1, 2, 3, 
4, successive stoges of cell division. (Adopted from 


SIGNIFICANCE OF MITOSIS: IMPORTANCE %'®” 


OF CHROMOSOMES variations of detail in different kinds of cells. 


Viewing the situation as a whole, it especially in the behavior of the nonchro- 
seems clear that the behavior of the matic parts. At every mitosis, each individual 
chromosomes during mitosis is essentially chromosome divides, and one of the two re- 
the same in the cells of all multicellular sulting daughter chromosomes passes to each 
plants and anim: 
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(with rare exception) a constant number of 
chromosomes in the many cells of each ciffer- 
ent organism. This constant is usually an 
even number, and this number is the same 
lor all individuals belonging to a given spe- 
cies. The chromosome number varies. in dif- 
ferent organisms, from 2 to 200 or more, but 
usually it 1s below 50 (man has 16). Not only 
the number of chromosomes but also the size 
and shape of each chromosome remain con- 
stant. Usually the chromosomes of a given 
species are individually distinguishable, and 
exuctly the same set appears at mitosis in all 
cells of the individual and of the species. 
The chromosomes that appear in any cell 
during the prophase are exactly the same as 
those that apparently disappeared during 
the preceding telophase. In some cases the 
separateness of the chromosomes can be seen 
at wll times, even throughout the intermitotic 
period. But usually this cannot be seen di- 
rectly, although other evidence indicates that 
it is true. In other words, each chromosome 
has a persistent individuality. Each grows 
and replicates its own unique genic mate- 
rials during the intermitotic period and each 
divides at every mitosis. ‘Thus every chromo- 
some maintains its own peculiar composition 
and structure throughout innumerable cel] 
generations. The essential function of the 
intricate mechanism of mitosis is to achieve 
an exactly equal division of the parent chro- 
mosomes into two equivalent daughter sets 
that then are segregated into the two new 
daughter cells. By assembling the many kinds 
of genic materials, each essential to the con- 
tinued lile of the cell, into a small, definite 
number of precisely packaged groups, and 
by having cvery genic unit in each group 
replicate itself before mitosis takes place, the 
cell has achieved a relatively simple, highly 
effective means by which it assures an exactly 
equal, quinititative us well as qualitative, 
division of these materials between the 
daughter cells. It is estimated (p. 496) that 
at least 10,000 genes are present in the aver- 
age cell. If cach gene had to be sorted and 
separated on an individual basis, the mech- 


anisms of mitosis would doubtless have to be 
far more complicated than they are. 

The dividing of the other parts of the cell 
is not so exactly equal, because there is no 
mechanism to accomplish a precise partition- 
ment of the other parts. If a plant cell, for 
example, contains a certain number of chlo- 
roplasts, about half of these usually go to a 
particular daughter cell. But sometimes the 
numbers received by the two daughter cells 
may be quite unequal. ‘The cytoplasm as a 
whole is divided quite equally in most cells, 
but in some cases, such as dividing yeasts, one 
of the daughter cells regularly receives by 
far the larger share (Fig. 10-2). The sigmih- 
cance of mitosis becomes clear when it is 
realized that each chromosome carries a spe- 
cific group of hereditary determinants and 
that these carry coded instructions (p. 134) by 
means of which each cell 1s enabled to fulfill 
the destinies of its own particular lneage. 
When a cell multiples by mitosis. its own 
complex of chromosomes and genes remains 
unchanged from generation to generation, 
and consequently there is no change in its 
intrinsic hereditary potentialities. 

Amitosis. In rare instances cells have been 
observed to divide without forming chromo- 
somes. The nucleus merely pinches into two 
parts and then the cleavage furrow or cel} 
plate cuts through the cytoplasm. Such cases 
of amitotic division are considered to be 
more or less abnormal and relatively unim- 
portant, because daughter cells produced by 
amitosis have lost the potential of perpetuat- 
ing their lineage indefinitely. 


HAPLOIDY AND DIPLOIDY IN RELATION TO 
FERTILIZATION 


Stull another important fact about the 
chromosomes has not been mentioned. When 
counted and matched against one another, it 
is usually found that the chromosomes make 
up a duphcate set. The duplicate, or diploid, 
set of chromosomes possessed by one species 
of animal is shown in Figure 3-8. This rela- 
tively simple case shows that the eight chro- 
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Fig. 3-8. Diploid chromosome group of the fruit fly, 
Drosophilo. The numbers I, Il, Hl, ond IV indicote the 
four pairs of chromosomes. 


mosomes are really four pairs. Each indi- 
vidual chromosome possesses a homologous 
mate that displays an identical size and 
shape. Similarly the 16 chromosomes of the 
onion plant are really 8 pairs, and the 46 
chromosomes of man actually represent 23 
pairs. 

The reason why most of the body cells of 
plants and animals possess a diploid set of 
chromosomes is relatively simple. The fer- 
tilized egg from which all the body cells 
arise 1s always formed by the coming to- 
gether and fusing of two cells. A sperm cell 
from the male parent always fuses with the 
unfertilized egg cell from the female parent. 
Thus the diploid set of chromosomes pos- 
sessed by the fertilized egg is really consti- 
tuted of two single, or haploid sets (Fig. 3-9). 
One of these haploid sets was present in the 
nucleus of the unfertilized egg, and the other 
was brought in by the nucleus of the sperm 
cell. When the egg and sperm nuclei finally 
fuse into one—and this is the essential event 
of fertilization—the nucleus of the fertilized 
egg becomes diploid, and it remains so 
throughout all subsequent mitotic divisions. 

Fertilization. Fertilization is a very impor- 
tant process found in the reproductive cycles 
of a great majority of plant and animal or- 
ganisms. The new individual that arises 
from the fertilized egg possesses chromo- 
somes (and genes) contributed by both the 


male and female of its parents, and conse- 
quently this new individual derives its herit- 
able qualities from both. Sexual forms of re- 
production always involve fertilization, and 
it is only in sexual reproduction that bi- 
parental inheritance is found. Asexual repro- 
ductive processes never involve fertilization, 
and in asexual reproduction, inheritance is 
entirely uniparental. Asexually produced off- 
spring tend to resemble their single parent 
and do not display as wide a variability as 
those that are generated sexually. 


MEIOTIC CELL DIVISION 


The real problem concerning chromosome 
numbers does not revolve around how 
the body cells come to be diploid, but how 
the eggs and sperm of animals, and the spores 
of plants, come to be haploid. ‘This difficult 
question took many years to solve. Finally it 
was learned that these reproductive cells are 
produced not by mitosis, but by a highly 
modified type of division, which is called 
meiosis. 

One difference between meiosis and mito- 
sis 1s that meiosis involves two succeeding 
divisions, whereas each single mitotic divi- 
sion is complete unto itself. In meiosis, when 
the two divisions have been finished, four 
cells (or at least four nuclei) have been pro- 
duced. The parent cell at the outset of 
meiosis is always diploid and the four final 
daughter cells are always haploid. In mitosis, 
on the other hand, the daughter cells always 
possess the same number of chromosomes as 
the parent cell, whether that original num- 
ber was diploid or, as sometimes is the case, 
haploid. ‘This and other differences between 
meiosis and mitosis serve to distinguish 
clearly between the two processes. Neverthe- 
less, 1t Is important to realize that the two 
types of division have much in common. In 
both cases the same four stages—prophase, 
metaphase, anaphase, and  telophase—are 
plainly distinguishable, although in meiosis 
the steps occur twice. Also the same accessory 
mechanisms, including spindles, asters, and 
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so forth, take part in both kinds of cell divi- 
sion. 

The meiotic divisions take place in the 
ovaries or the testes, in the case of animals, 
and in the spore capsules, in the case of 
plants. At present it will sufhce to describe 
meiosis as it occurs in the testis of a male 
animal. Later, in connection with the study 
of heredity, the similiar development ol eggs 
in the ovary, and of spores in the sporan- 
gium, Will also be described. 

The testes of man and other multicellular 
animals contain a group of numerious special 
cells, culled the spermatogonia (Fig. 3-10). 
Sooner or later these cells eventually give 
rise to the sperm cells. The spermatogonia 
are diploid cells. They have arisen, along 
with all other cells of the organism, from 
the repeated mitoses of the original diploid 
fertilized egg. Furthermore, the spermato- 
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Fertilization: origin of diploid cells. 


gomia in the testes may continue to multiply 
by mitosis, giving rise to a steady supply of 
more spermatogonia, all diploid. 

Pinailysatew at a tine, the gerny-cells i 
the testes stop multiplying by mitosis. Now 
each begins to grow and can be recognized as 
a’ primary spermatocyte (Fig. 3-10). Each 
of the primary destined 
to undergo only two further divisions and 
these will be the meiotic divisions. Conse- 
quently each primary spermatocyte will form 
only four sperm cells (Fig. 3-10). 

The prophase of the first meiotic division 
commences almost as soon as the primary 
spermiutocyte begins to enlarge. This pro- 
phase difters in two wavs from that of an 
ordinary mitosis. First it endures much 
longer. “usually for days, rather ‘than. for 
hours or mimutes, and during all this period 


spermatocytes 1s 


the elongate chromosomes are definitely vis- 


Cell Division in Relation to Reproduction - 53 


rea 


\ 
I 
t 
} 








ESTIS 
! mToTIC MULTIPLICATION 
| 
, MEIOSIS 
STARTING 
D 
| 
E . a a 
L f iB 
a a 
D ; | — 
: iM PRESYNAPSIS 
A LONG PAIRING 
v R PROPHASE 
: Y Ist DIVISION FURTHER GROWTH 
5 P ! 
: : ! SYNAPSIS aS 
I : SS 
Mes 
A METAPHASE PLATE-~_ oe 
I 2 Ist DIVISION \ 
0 EACH CHROMOSOME HAS 
C BEEN REPLICATEO 
> ! POSTSYNAPSIS 
E TETRADS 
S 
| 
_ -ANAPHASE 
ne Ist MEIOTIC DIVISION 
Ist MEIOTIC DIVISION 
SECONDARY 
SPERMATOCYTES 
ANAPHASE 


2nd MEIOTIC DIVISION 


S ay TX 2nd MEIOTIC DIVISION 


gogo 


METAMORPHOSIS, NUCLEAR CONDENSATION 


| 
Vt 1 MATURE SPERM 


Fig. 3-10. Diagram of meiosis as observed in a testis during the production of sperm. Note thot the prophase 
of the first meiotic division differs in several ways from the prophase of an ordinary mitotic division: (1) it en- 
dures much longer; (2) it is accompanied by considerable cell growth; and (3) it involves synapsis between the 
members of each homologous pair of chromosomes. Moreover, the second division is unique in that no replica- 
tion of the chromosomes tokes place and the interphase between the first ond second divisions is exceptionally 
short. Meiosis leads to the production of haploid cells (or nuclei) from diploid progenitorss whereas mitosis trans- 
mits an unchanged number of chromosomes, either diploid or haploid, to the daughter cells (or nuclei). In 
mitosis, moreover, the members of the homologous pairs, when pairs are present, do not associate os pairs. 
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Ible and individually idenufiable. Second, in 
the prophase of the first meiotic division, the 
two homologous chromosomes of every pair 
always lie side by side, intimately entwined 
one around the other one (Fig. 3-10). This 
pairing and entwining of homologous chro- 
mosomes, which is called synapsis, has very 
real consequences in heredity because, while 
the pairs of chromosomes are in the synaptic 
condition, they may mutually exchange a 
certain number of their genes (p. 491). Syn- 
apsis occurs only during the prophase of the 
first meiotic division. Usually during ordi- 
nary mitosis, the homologous chronrosomes 
behave as independent units and show little 
or no attraction for each other. 

Before metaphase, in the first meiotic divi- 
sion, the pairs of chromosomes have un- 
raveled from svnapsis, but still the mem- 
bers of each patr lie side by side. By this time 
each chromosome has divided lengthwise into 
two daughters. Consequently at the meta- 
phase of the first meiotic division one sees 
the chromosomes assembled on the spindle 
in characteristic quadruple groupings, which 
are called the tetrads (Fig. 3-10). 

The postsynaptic division of each chromo- 
some is the only occasion when the chromo- 
somes divide during the whole process of 
meiosis. In fact the two cell divisions, which 
follow shortly, serve merely to distribute the 
chromosomes that exist as soon as the tetrads 
have: been formed (Fig. 93-10). And 11 later 
events proceed in a normal fashion, each of 
the four sperm cells produced by any one 
spermatocyte is destined finally to receive 
just one chromosome from every tetrad (Fig. 
3-10). 

After the first metaphase, the remaining 
events of meiosis usually proceed quite rap- 
idly. The anaphase and telophase of the first 
division lead to the formation of two cells, 
the secondary spermatocytes, each receiving 
half of each tetrad. In other words each sec- 
ondary spermatocyte receives one of the two 
diads into which each tetrad has become 
separated (Fig. 3-10). But the precise man- 
ner in which a tetrad separates into diads 


a 





Figen 3. 
somes of any given tetrad may separate during the first 
meiotic division. Regardless af which of the two pos- 
sibilities (A or B) occurs, one member of each tetrad 
eventually reaches every sperm, when the second 
meiatic division occurs. 


Diagrom showing how the four chromo- 


appears to be a matter of chance. The two 
possibilities indicated in Figure 3-1] seem to 
occur with equal frequency. 

Without pause, the secondary spermato- 
cytes usually launch into the second meiotic 
division. In fact the diad chromosomes re- 
main visible, as they quickly pass through 
prophase and assume the metaphase arrange- 
ment on the spindle (Fig. 3-10). Then 
the anaphases and telophases are completed, 
and a single chromosome from each of the 
diads is delivered to each of the four final 
cells. But here again it 1s a matter of chance 
as to which member of a diad goes to a 
particular one of the resulting cells. 

The four resulting cells are called sper- 
matids. But shortly thereafter, when each has 
developed an elongate motile flagellum, they 
are callecdl the sperm. As may be seen by refer- 
ring to Figure 3-10, each sperm possesses the 
haploid set of chromosomes that later will 
be carried to the egg, when fertilization oc- 
curs. 

Similar processes of meiosis are encount- 
ered in the development of the egg cells in 
female animals, and of spore cells in plants; 
the special features of these developments 
will be discussed in Chapter 26. 
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Significance of Meiosis. Meiosis quite ob- 
viously constitutes a mechanism whereby 
haploid reproductive cells are formed from 
diploid progenitors. During the two divi- 
sions of the original cell, only one division 
of the chromosomes occurs. Consequently, 
meiosis inevitably produces a reduction in 
the chromosome number. Meiosis and _ fer- 
tilization together constitute a system by 
which half the chromosomes of the new in- 
dividual are derived from each of the par- 
ents, without at the same time leading to a 
progressive increase in the chromosome num- 
ber of the species. In conjunction with fer- 
tilization, meiosis provides a basis for sexual 
reproduction, permitting the development of 
biparenta] inheritance. Biparental inherit- 
ance in turn greatly increases variability in 
the inherited qualities within the species. In 
species where the only method of cell multi- 
plication is mitosis, the reproduction is 
asexual; and since the chromosomes passed 
on to the ensuing generations tend to be 
identical with those of the parent, hereditary 
variability in asexual forms remains at a 
minimum. 


REPRODUCTION IN SIMPLER ORGANISMS 


Strictly speaking, the term “reproduction” 
is restricted to processes whereby total new or- 
ganisms are generated. Thus the mere mul- 
tiplication of cells in a multicellular organ- 
ism does not of itself constitute reproduction. 
Only when the single cell is at the same time 
a complete organism, as in the Protozoa and 
other unicellular forms, does cel] division 
alone constitute a form of reproduction. 

The reproduction of an organism may be 
sexual or asexual, depending upon whether 
fertilization comes into play. All forms of 
reproduction which involve fertilization are 
designated as sexual, whereas a]]l reproduc- 
tive processes not involving fertilization are, 
by this token, asexual. 

Asexual Forms of Reproduction. 

Binary Fission. Binary fission is the term em- 
ployed when an organism divides directly 


into two approximately equal parts, each of 
which then grows into an individual similar 
to the departed parent. The commonest form 
of binary fission results when a unicellular 
organism undergoes mitosis (Fig. 3-7). How- 
ever, there are some multicellular forms, like 
certain flatworms, that reproduce by splitting 
directly into two quite equal pieces (p. 395). 

Among protozoans, bacteria, and algae, 
the two cells formed by binary fission usually 
separate soon after division, swimming or 
crawling away, each on its separate mission. 
Consequently such species remain strictly 
unicellular. But the cells of some nonmotile 
forms adhere together throughout several 
divisions. ‘Thus they form incipient colonies 
of loose and indefinite form. Such colonies 
disintegrate readily with mechanical disturb- 
ances such as currents in the surrounding 
water. The formation of clefinite colonies de- 
pends upon a more firmly established tend- 
ency of cells to cling together through a 
series of divisions; and in a true colony the 
planes of division, and consequently the ar- 
rangement of the cells, become fixed and 
regular. In a linear colony such as Spirogyra, 
for example, all cel] divisions occur at right 
angles to the length of the filament, and the 
cells remain fastened together end to end 
(Fig. 3-16). Such colonies cannot be dispersed 
except by rather violent disturbances, or by 
the death and disintegration of some of the 
cells in the chain. Many cell aggregates, even 
such definite colonies as Spirogyra, display 
no real distinction between the reproduction 
of the individual cells (cell division) and the 
reproduction of the whole colony. Only after 
further evolution—with the development of 
special cells that assume the reproductive 
function of the colony or organism—does this 
distinction become plain. 

Although binary fission is probably the 
oldest and most primitive kind of reproduc- 
tion, it is not restricted entirely to unicellular 
forms. A few multicellular animals such as 
Hydra (Fig. 3-12) and Planaria (Fig. 16-7) 
can also reproduce by fission. When a multi- 
cellular organism splits into two quite equal 
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Fig. 3-12. Parent Hydra, with two buds. (Copyright, 
General Biologicol Supply House, Inc.) 


parts, each part then grows into a new indi- 
vidual. And even such highly organized 
creatures as earthworms can behave im simi- 
lar fashion, il cf mto two pieces of lurly 
equal size. 

Budding. Budding is similar to binary fis- 
sion except that the two parts into which the 
body divides are conspicuously unequal. uA 
most famuliar example of budding ts found in 
dividing yeast cells (Fig. 10-0). Here it ts seen 
thaone ob the daughter cells recerves only 
a minor share of the cytoplasm, although the 
nucleus of the smaller is equal to that of the 
larsersdiuehter cell The suriler cauehter 
cell, called the bud, thus retains a full po- 
tential for growth and activity. In time the 
bud may catch up with its larger sister, 
which meanwhile may continue to give off 
other buds. In an undisturbed medium the 
yeast cells may cling together for several 
generations and thus give the appearance of 
a small branching filament. However, their 
attachments are tenuous, and permanent 
colonies are not formed in this particular 
kind of plant. 

Budding is fairly common wong proto- 


zoans, ancl it occurs also in some multicellu- 
Jar plants and animals. In the latter case, 
however, the bud is not a single cell, but an 
ageregate of cells derived by mitosis from the 
cellsof the parent. In diya, lor-example, 
the bud develops into a small but complete 
new individual belore it becomes detached 
and independent (Fig. 3-12). 

Sporulotion. The formation of reproductive 
spores is very Common among simpler organ- 
isms, and practically universal among higher 
plants. Typically each spore-lorming cell 
undergoes two or more divisions in rapid suc- 
cession, producing four or more spores. Fre- 
quently the sporulanon divisions are me1olic, 
so: that usually: the spares swe lapleimd. Whe 
spore, unlike an egg or sperm, develops into 
anew individual without any process of fer- 
filization, The sporulation divisions often 
occur inside the cell wall of the spore mother 
cell (hie, 3-13); mstadly enc “spore «le: 
velops its own tough casing, making it re- 
sistant to dry conditions. Certain yeasts re- 
produce not only by budding but also by 
sporulation, When the medium in which the 


veusts hive begins to drv up, or becomes other- 


wise unsuitable for life. each of the cells 
divides into four equal spores, possessing in- 
dividual protective covers, but all contained 
within theoreinal-cellsavall (Fies3-13).. Liter 
this outer casing ruptures and the hberated 
spores may be blown about in the dry atmos- 
phere without sultering death from loss of 


water. Finally the spore may chance upon a 





Fig. 3-13. Spore formation in yeast cells (unstained). 
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suitable new medium, where it may begin to 
grow and bud again. 

Many species of algae reproduce asexually 
by means of free-swimming flagellated spores, 
called swarm spores, or zoospores. At least 
four, but frequently many, zoospores are 
formed from a single mother cell, as in Ulo- 
thrix (Fig. 3-14). In this plant the zoospores 
free themselves and start migrating in all 
directions. If one finds a favorable new loca- 
tion, it settles down and develops into the 
ordinary attached (sessile) form of the plant. 

Among the higher plants, including the 
mosses, ferns, and seed plants, asexual repro- 
duction by means of sporulation occurs at 
regularly alternating periods curing the life 
cycle of each species. In these plants the num- 
ber of spores produced by each of the spore 
mother cells has become reduced to a stand- 
ard of four. Each spore mother cell divides 
only twice to produce its quota of spores. 
These two divisions are meiotic in character, 
and consequently the spores in all higher 
plants ave haploid cells. Each spore develops 
without fertilization into a form of the plant 
in which all the cells are haploid. Only later 
in the cycle do such plants produce egps and 
sperm. Then fertilization occurs and the 
diploid condition 1s restored (see Chap. 12). 


SEXUAL FORMS OF REPRODUCTION 


A great majority of living things, includ- 


ing many unicellular and colonial forms, ex- 


Fig. 3-14. Sporulotion in Ulothrix, a 
filomentous green olgo. J, nonrepro- 
duing cell of filoment; 2-4, formotion 
and liberation of zoospores; 5-7, de- 
velopment of a zoospore into 0 new 
filoment. 





hibit sexual reproduction. In these cases, 
fertilization always occurs in one form or 
another. 

The essential feature of fertilization is the 
fusion of two haploid nuclei that usually 
are recognizable as the egg nucleus and the 
sperm nucleus. Ordinarily the resulting dip- 
loid nucleus becomes the progenitor of all 
the nuclei of the new individual. In more 
primitive forms, however, it is not always 
possible to distinguish between the egg and 
sperm cells. Sometimes the two cells that 
undergo fusion appear to be identical, and 
therefore it is necessary to speak in broader 
terms. The two haploid cells that come to- 
gether in fertilization, whether similar or 
dissimilar in appearance, are always desig- 
nated as the gamete cells. The egg, when dis- 
tinguishable, is called the female gamete, 
and the sperm, the male gamete. Further- 
more, the diploid nucleus created by the 
fusion of the gamete nuclei is always called 
the zygote nucleus; and the whole cell formed 
at the time of fertilization is the zygote. In 
evolution apparently sexual reproduction 
came before any differences had developed 
in the external appearance of individuals of 
opposite sex, or between the gametes pro- 
duced by the two cooperating parents. 

Isogamy vs. Heterogamy. A number of 
examples can be found that illustrate the 
foregoing principles. In Sprrogyra and closely 
related species, the ordinary cells of the fila- 
ment are haploid cells, and any or all of these 
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Fig. 3-15. 


filament cells may When 
Spirogyra engages in sexual reproduction— 
and this usualiy occurs in the Tal of the 
year—the pairs of cells that happen to lire 
oppositely on two nearby filaments begin to 
show signs of mutual stimulation. Short tube- 
like processes grow out from each of the pro- 
spective gametes (Fig. 3-15). These out- 
growths joi in pairs, and the cell walls cis- 
solve away at the points of contact. In this 
way an open tube ts formed connecting the 
members of each pair of conjugating cells 
(Fig. 3-15). Soon all the protoplasm of one 
gamete passes through the conjugation tube 
and tuses with the protoplasm of the other. 
Finally—and this is the essence of fertiliza- 
tion—the two haploid gamete nuclei fuse to 
form the diploid zygote nucleus. 

In the case of Spirogyra the gamete cells 
are identical in appearance. Accordingly 
these gametes are specified as isogametes, 
and the production of such gametes ts called 
isogamy. Conversely, cases where the gametes 
(heterogametes) are obviously not altke are 
designated as heterogamy. Although isogamy 
is fairly widespread among primitive organ- 


tet. as: wametes: 
! 





Canjugatian af Spirogyra. Note haw a bridge farms between the 
canjugating cells and how ane af the cells flaws aver and fuses with the 
ather. Also nate the appearance af contractile vacuales, which eliminate 
water fram the cells, ollowing them to shrink as they fuse. 


isms, it is Not encountered in higher forms. 
Heterogamy became dominant early in evo- 
lugon, and fully differentiated eggs and 
sperm are common to practically all multi 
cellular animals and plants. 

Shortly after fertilization the zygote ot 
Spirogyra develops a very thick cell wall and 
becomes a resting cell, called the zygospore 
(Fig. 3-16). The zygospore is resistant to cold 
and drought and is able to survive through 
the winter. ‘Then in the spring, the zygospore 
germinates (Fig. 3-17), but just before a new 
filament is formed, the zygote nucleus divides 
twice 1 rapid succession. In Spirogyra, these 
ave the meiotic divisions. Four haploid nu- 
clei are thus produced, but three of these 
degenerate prior to germination (Fig. 3-17, 
stage 8). The remaining haploid nucleus gives 
rise by mitosis to all the nuclei of the new 
filament, and consequently all the cells of the 
colony are haploid cells. 

Isogamy is also encountered in many other 
algae, and in a lew fungi and protozoans. 
Most higher algae, however, have specialized 
gametes, which are small flagellated cells, sim- 
ilar to but smaller than the zoospores. Some- 
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Fig. 3-16. Photograph of conjugating Spiragyra. The 
upper pair of filaments shows three pairs of cells ot 
the outset of conjugation; and the lower filaments 
show a number of zygospores (dark oval bodies) 
which result from conjugation. (Photograph retouched. 
Copyright, General Biological Supply House, Inc.) 


times the same cells may act either as asexual 
zoospores, Or as gametes, as in the case of 
Ulothrix, another filamentous green alga 
(Fig. 3-18). In this plant the number of re- 
productive cells produced by each cell of the 
filament may vary from 4 to 64; the larger 
the number, the smaller the size of the cells. 
The larger spores soon settle down and de- 
velop asexually into a new filament by re- 
peated mitotic division (Fig. 3-18). The 
smaller “spores” may also germinate in the 
same way, but their growth is slower and the 
filaments produced by them are less vigorous. 
Mfore frequently these smaller cells fuse in 
pairs, thus acting as gametes and forming a 
zygote (Fig. 3-18). After fertilization has oc- 
curred, the zygote develops into a thick-walled 
zygospore, as in Spirogyra. Likewise in 
Ulothrix, the diploid zygote undergoes two 
divisions, the meiotic divisions, just before 
germination. At first the four resulting hap- 
loid cells lie huddled together inside the old 
cell wall (Fig. 3-18) but finally, after this en- 
casement has disintegrated, each of the Iour 


haploid cells gives rise by mitosis to a sepa- 
rate new filament. 

The evolutionary transition between isog- 
amy, which is very common among simpler 
organisms, and heterogamy, which reaches a 
standardized condition in the eggs and sperm 
of higher plants and animals, can be found 
in a single group of free-swimming green 
algal plants. This group, the Volvocaceae, 
is made up of many species, but only three 
species will be mentioned in the present con- 
nection. 

All the Volvocaceae reproduce both sexu- 
ally and asexually. The gametes formed by 
Pandorina (Fig. 3-19) are of two sorts, one 
slightly larger than the other. When fertiliza- 
tion takes place, one of the smaller, or micro- 
gametes, usually fuses with a larger, macro- 
gamete. But sometimes two microgametes, or 
two macrogametes, will come together. In 
either case, a diploid zygote is formed, and 
this gives rise to the new colony. Accordingly 
it may be said that Pandorina shows the first 
beginnings of a difference between the 
gametes of the sexes. 

In Eudorina (Fig. 3-19) and Volvox (Fig. 
3-19), the differentiation between the gam- 
etes has developed much further. The macro- 
gametes of Eudorina are several times larger 
than the microgametes, although both gam- 
etes are flagellated and motile. Moreover, 
fertilization always involves a fusion of the 
unequal gametes. But the climax of heterog- 
amy is reached in Volvox (Fig. 3-19). The 
macrogamete of Volvox, due to its relatively 
large size and its inability to move, can prop- 
erly be called an egg, and the very small 
motile microgamete can truly be considered 
a sperm. 

The differentiation between the sperm, 
which is small and motile, and the egg, which 
is large and nonmotile, represents an efhcient 
division of labor. The size and motility of 
the sperm cell makes it an effective agent for 
carrying the paternal chromosomes to the 
egg. Usually the sperm are produced in very 
large numbers and discharged near the eggs. 
Consequently at least one sperm is almost 
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sure to find and penetrate each egg. The egg 
cellaon the other hand, 1s adaptedmior the 
reception of the sperm and tor assembling 
the maternal and paternal chromosomes to 
form the zygote nucleus, which will give rise 
to all the nuclei of the offspring. In addition, 
the egg is laden with yolk and other stored 
material to nourish the offspring during its 
embryonic development—that is, until the 
new organism is capable of obtaiming food 


for itself. And since eges and Sperm are the 
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Fig. 3-18. 


GAMETES FUSING 


Sexual reproduction of Ulothrix. Each of the four spares may de- 








Life cycle af Spirogyra. Canjugation (stage 1) usually accurs in the fall of 
the year, and during the winter manths the zygospore (stage 3) lies darmant. In the 
spring, however, meiasis (stages 4-7) accurs, and soon thereafter the new haploid fila- 
ment emerges fram the spare capsule (stage 10-11). 


agency lor sexual reproduction in a large 
majority of plants and animals, there can be 
fittle doubt as to the efficiency of these devel- 
opments. 


LIFE CYCLES; HAPLOID AND DIPLOID 
PHASES 


The complete hfe span of an organism, 
starting at any given stage, and extending to 
the ume when the olfspring reach the same 
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velop into a new filament (os shown in Figure 3-14). 
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stage, constitutes the life cycle in each species. 
In some species, the life cycle is very simple, 
but in others, as we shall see, it is quite com- 
plex. 

Some amoebae and other unicellular or- 
ganisms that reproduce solely by binary fis- 
sion display the very simplest type of life 
cycle. A young amoeba feeds, grows, and 
then divides, which returns the species di- 
rectly to the starting point. Such a cycle is 
devoid of any sexual stages, and consequently 
the terms diploid and haploid have no real 
meaning. Without fertilization no diploid 
stage is ever formed, but by convention the 
cells in such species are regarded as haploid 
(Fig. 3-20). 

Another type of life cycle, which charac- 
terizes many green algae, is exhibited by 
Spirogyra. During the major part of the life 
cycle, while the colony is multiplying asexu- 
ally by mitosis, the cells remain haploid. 
The diploid stage starts at the time of fer- 
tilization and persists only until meiosis oc- 
curs. This is in the spring, Just before the 
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Sexual reproduction of severo! Volvocaceae. 


zygospore germinates to form a new filament, 
which again is haploid (Fig. 3-20). 

The opposite type of cycle is found in 
almost all multicellular animals, including 
man, and in a few primitive plants. In man, 
the diploid stage begins when the egg is fer- 
tilized, and persists in all the body cells, 
which arise from the fertilized egg by mitosis. 
Meiosis occurs very late in the cycle, when 
the eggs and sperm are being produced in 
the sex organs. This type of cycle is shown in 
Figure 3-20. 

The final type of cycle, which is interme- 
diate between the preceding two, is found in 
all higher plants (Chap. 12), and in a few 
multicellular algae. In this type of cycle (Fig. 
3-20), there is a regular alternation of hap- 
loid and diploid generations. The fertilized 
ege always gives rise to a diploid plant 
body that reproduces asexually—by forming 
spores. This diploid asexual generation in 
higher plants is therefore called the sporo- 
phyte generation. The spores in all higher 
plants are produced by meiosis in groups of 
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Diograms illustrating the relotions of the haploid and diploid stoges in various types of life cycles 


(see text). In each figure the single line represents the haploid, the double line the diploid condition. The 
direction of the orrows indicates the succession of generations. F, fertilization; M, meiosis. 


four from the spore mother cells in_ the 
spore capsule. Consequently the spores are 
always haploid. Each haploid spore invari- 
ably gives rise to a haploid form of the plant, 
which eventually will reproduce by gametes. 
Thus the haploid sexual generation in higher 
plants is called the gametophyte. Finally 
when fertilization again takes place, the hap- 
loid gamete nuclei fuse, and the diploid con- 


dition of the succeeding sporophyte genera- 
tion is restored. 

The early evolution of reproductive struc- 
tures among plants and animals appears to 
have occurred by trial and error. A variety 
of methods first appeared among primitive 
organisms, but only a few were successful 
enough to be passed on to higher plants and 
amimals. 


TEST QUESTIONS 


ie Explain three important differences and 
three important similarities between a2tosrs 


and merosis. 


1 


What is amitosis? Why is amitosis not re- 

garded as a normal kind of cell division? 

3. In proper sequence list the events that occur 
during the prophase of mitosis: (a) in a plant 
celle (6) mean animal cell: 

4. How does the prophase of the first meiotic 
division difler from the prophase of mitosis? 

5. How are metaphases and anaphases  dis- 
tinguished Iron the other stages ol mitosis? 

6. In mitosis, what invariable rule determines 
the movements ol the members of each pair 
ol daughter chromosomes (the two chromo- 
somes formed by the division of each parent 
chromosome)? 

7. What importance is attached to the fact that 
each chromosome divides lengthwise, rather 
than crosswise? 

8. Specify two ways in which the telophases ot 

plant and animal cells are: (a) diflerent: and 

(b) simular. 


9, Assuming that the chromosomes were dis- 
uinctly visible, how would you decide whether 
a given cell were haploid or diploid? 

10. Explain the term homologous chromosomes. 

}}. Is it true that any species of plant or animal 
can be identified by studying the chromo- 
somes of one of its cells? Explain your answer 
carefully. 

)2. In mun. mest of the cells are formed by 
mitosis, but some are produced by meiosis. 
Explain this statement more specifically. 

13. Identily cach of the following ternmts: (a) 
spireme chromosomes: (b) spermatogonia: 
(c) primary spermatocytes: (d) synapsis: (e) 
tetrads; (f) secondary spermatocytes: (g) diads: 
(h) spermatids: (i) sperm. 

I4. In each case specify the distinguishing lea- 
tures and cite a specific example: (a) asexual 
reproduction; (b) binary fission: (c) budding: 
(d) sporulation; (e) zoospores. 

15. Caretullv define each term and in each case 
cite three specific examples: (a) a gamete 
cell; (b) the zygote: (c) fertilization. 
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16. Distinguish between isogamy and _ heterog- ganisms, specify where fertilization and meio- 
amy; cite two examples in each case. sis take place: (a) man; (b) Spirogyra; (c) any 

17. Divide the following cells into two lists ac- high plant; (d) Amoeba. 
cording to whether they are haploid or dip- 19. Carefully explain each of the following state- 
loid: (a) fertilized eggs; (b) the tissue cells ments: (a) certain features of mitosis very 
of man’s body; (c) sperm cells; (d) unfer- plainly indicate that among the various struc- 
tilized eggs: (e) the zygospore of Spirogyra: tures of a cell the chromosomes are of para- 
(f) the zygospore of Ulothrix; (g) the macro- mount importance; (b) jointly, meiosis and 
gamete of Pandorina; (h) a spore mother fertilization provide a basis for biparental 
cell; 4G) the spore of a higher plant. inheritance. 

18. In the hfe cycle of each of the following or- 
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bhaTh¢ Chenucal and Physical 
Structure of Protoplasm 


VARIOUS microscopic techniques provide 
many clues to the functions of the different 
parts of the cell. But below the reach even of 
the electron microscope there les a realm of 
smaller things: the world of molecules and 
atoms, which the ultimate struc- 
ture of all matter. Biologists now realize that 


COM pPOse 


the visible parts of the cell are very mmpor- 
tant, but full attention must also be given to 
the submicroscopic molecular pattern of 
protoplasm. This means that an irreducible 
minimum ol biochemistry and biophysics has 
become basic in general biology. The cell, 
essentially, is a ‘delicate 
mechanism; and the merest trace of a foreign 


physicochemical 


chemical such as cyanide, or the slightest ex- 
cess of a physical factor such as heat, may cle- 
range the finely potsed molecular structure 
of the protoplasm, killing the cell immiedt- 
ately. 

Each cell faces the problem of obtaining a 
quantity and variety of substances sufficient 
to manta and operate its existing proto- 
plasmic structure, as well as to increase the 


Of 


protoplasm when growth occurs. But before 
the chemistry of growth, maintenance, and 
operation can be considered, it Is necessary 
(oO know the general composition of living 
matter. What substances are always present? 
How much of each of these essential compo- 
nents must there ber And how are these ac- 
tive molecules assembled and arranged with 
reference to visible structures in the cell? 

No two samples of protoplasm are ever 
precisely identical; but the many differences 
found among various cells are mainly matters 
of detail. One cell utilizes a certain kind ol 
sugar that differs shghtly from the sugar used 
by another. Plant cells synthesize starch; 
Whereas animal cells build glycogen, a closely 
related compound. But above and beyond 
these specific variations, there is a general 
pattern, and all protoplasm conforms to this 
pattern. Always the same types of chemical 
compounds are present, and these compounds 
play similar roles in the protoplasm of plants 
and animals generally. 

Merely to list the specific compounds that 
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can be extracted from the cell would be a 
difficult task. The list, in fact, would take on 
the proportions of a telephone directory. A 
far simpler approach is to ascertain the ele- 
ments out of which these many compounds 
are formed. What various atoms, combined 
together to form a great variety of molecules, 
are present in the protoplasmr Assuming that 
a sample of protoplasm were placed in a 
sealed retort and subjected to such drastic 
chemical treatment that each of the many 
compound molecules was decomposed into 
its elements, what atoms would be yielded? 


ELEMENTARY CONSTITUENTS IN 
PROTOPLASM 


Table 4-] shows that oxygen, hydrogen, 
carbon, and nitrogen account for a very 
large proportion of the weight of the proto- 
plasmic compounds. These same elements 
are also most abundant in the nonliving ma- 


terials of our world. Among the elements! 
that compose all matter, carbon, hydrogen, 
oxygen, and nitrogen are uniquely fitted lor 
their functions in the protoplasmic system. 
So far as we know, living things have arisen 
only on planets where these elements are 
very abundant—and this is probably not a 
coincidence (p. 187). 

Among the elements, only those given in 
the list are generally found in protoplasm, 
although a lew others are found in special 


1 The classical number of elements, ninety-two, has 
heen modified by modern chemical] research, since 
this classical number did not include any of the 
newly synthesized elements, such as plutonium, which 
recently have been “created” by the bombardment of 
certain atomic nuclei with high-speed particles, al- 
though some of these elements may have existed prior 
to their artificial synthesis. Modern work in atomic 
physics also shows that, as a result of smal] variations 
in weight, the atoms of a particular element may dis 
play several forms, called atomic isotopes, muny of 
which are radioactive (p. 141). However, all the iso- 
topes of a given element display an identical chemical 
behavior. 


Table 4-1—Elements Liberated by Decomposition of Protoplasmic Compounds 














Average | Combining 
| Percentage | Capacity Common Appearance, as the 
Name and Symbol | by Weight | (Valence) Free Element 
ORV BENE (Oy er ce see es 76.0 e Colorless gas; supports combustion; 
| 16 times heavier than hydrogen 
PiydrogennGEhy> 2.5 our: Se | 10.0 ] Very light, flammable gas; compar- 
ative weight = unity 
INET Oe EMICIN Stee is as 2.0 3 and 5 Colorless nonflammable gas; heav- 
| ier than hydrogen 
Carboni \e2ce7 ethan eee or 10.5 4 Black solid 
SaaS) eee ee emir — 2 and 6 Yellow solid 
Plrosphorus.( Ryo. nore nee | o 5 Red solid 
POtassitniits (Ks)\eg se oes cee | 3 | Light metallic solid 
IGE CYP atic se Payee 0] Zand 3 Heavy metallic solid 
Mipgmestumme( NS) acces | Oe a Light, flammable metal 
Callen (Can eek en | 02 Z Light metal 
SOC TH CIN Ga ee eke ct | .O-4 ] Light active metal 
Chines (Gls sseae eee | 10 ] Heavy greenish gas 
Copper (GU) aoe eae, | Trace ands | 
Cobalt (Ore een ete ace ‘Trace Zand3 |! NI Galle eolede 
Zim 2(ZI), fa enor a ate ‘Trace 2 
Manganese (Mn) ......... ‘Trace | 4 || 
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cases. All the protoplasmic elements are very 
connnon im nontiiving nature, being abun- 
dantly represented in the soil, the atmosphere 
and the waters of the earth. No single ele- 
ment is entirely peculiar to living things. 
However, a few—especially carbon and nitro- 


gen—are relatively much more abundant in 





living than in nonliving matter. 


BASIC IDEAS AND DEFINITIONS 2 


Matter and Energy. The material compo- 
nent of our universe—matter in general— 
is to be identified by its universal properties. 
Always matter occupies space, and always it 
displays weight. Each kind of matter may 
assume the form of a solid (like ice), or of a 
liquid (like water), or of a gas (like water 
vapor); but whatever its form, matter always 
retains its rdenufying attributes. 

Energy is the other fundamental compo- 
nent of our universe. Energy may take a va- 
riety ol forms, such as light, heat, mechanical 
movement, electricity, and so forth. In fact 
energy can only be identified in terms of 
what it does, or what it can do. Energy ts the 
motion of, or the capacity to produce motion 
in, any mass of matter. Sometimes the ener- 
gived miss is very small, as in the case of the 
flowing electrons of an clectric current or 
the vibrating molecules of a heated substance; 

2 Two kinds of type are used in this section of the 
book. For students who have not had chemistry pre- 
viously, the material in smaller type is just as impor- 
tant as, if not more important than, the material in 


larger type. For students who have had chemistry, the 
material in smaller type will he useful as a review. 


or the material body may be larger, like a 
bullet hurtling from the barrel of a rifle. 


All forms ol energy are at least partially inter- 
convertible 3 (Table 4-2). This can be illustrated 
by the electric system of an automobile. The 
battery of the car contains a store of chemical 
energy represented by the reactivity of the acid 
and other chemicals of the battery. This chemical 
energy is transformed to electrical energy when- 
ever the headlight switch is closed, and as the 
electricity flows through the filament of the lamp 
bulb, electrical energy is converted to heat. Then 
when the temperature of the lamp filament 
reaches the incandescent point, the heat begins 
to be transformed into light. Or, if the starter 
switch is pushed and the electricity flows through 
the starting motor, electrical energy is converted 
into mechanical energy (the movement of the 
pistons, etc.) as the engine is forced to “turn over” 
before it “catches.” 

In modern science, everything that happens— 
every natural event and phenomenon—is to be 
explained and described in terms of matter and 
energy, in terms of some change, actual or poten- 
tial, in the internal or externa] motion of the 
components of some material system. Throughout 
the universe, matter and energy are inseparably 
associated. Each acts and interacts solely through 
the medium of the other. Attempting to under- 
stand the general principles of biology, chemistry. 


3 As predicted by the Einstein equation (e = MC*) 
matter and energy are also interconvertible. However, 
such interconversions are insignificantly small except 
under rare conditions (e.g., in an atomic bomb) and 
they seem to be unimportant in living organisms. In 
this equation, the energy (e) is expressed in ergs; the 
mass (Af) is in grams; and the constant (C) represents 
the velocity of light, expressed in centimeters per sec- 
and, 


Table 4-2—Forms of Energy 











Polymolecular* 

NEOISC Mls pete. c nee eat eae ore a | Heat 

ENV ray IGa. eee. og tere TE ee cae Chemical reaction 
ele RIOMIG + 2.02 ee ees ck Se Electric current 
Ree eae eee ere ee Light, x-rays, etc. 





* Pertaining to masses of visible size. 


Ainetic 


Potential 





ness +s oe) NLOVEement. (mecelamcalrenetey) | \Verolit (orrcity) 


Cohesion and adhesiont 
| Chemical reactivity 
Electric charge 


+ Cohesion is attraction between molecules of the same substance; adhesion is attraction between molecules 


of different substances. 
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or physics, without reference to matter and 
energy, would be like trying to appreciate the 
beauty of a landscape in a world devoid of light. 

Moleculor Composition of Motter. Each appreci- 
able mass of matter, regardless of its specific kind. 
is composed of a great number of subvisible unit 
particles, the molecules. This knowledge has be- 
come so commonplace that many students do not 
pause to question its origin, although there is a 
large body of experimental evidence from every 
field of science that firmly establishes the molecu- 
lar nature of matter. 

Let us choose any sample of matter, such as 
water. As everyone knows, water exists in three 
states: as a solid (at temperatures below the freez- 
ing point, 0° C), as a liquid (at temperatures be- 
tween 0° and 100° C), and as a gas (above 100° 
C)—assuming that the water sample is pure and 
that other conditions, especially the atmospheric 
pressure, are standardized. In the gaseous state. 
of course, the water is not visible. As soon as the 
water molecules, which in the solid and liquid 
states are quite closely packed into a tangible 
mass, have absorbed enough heat energy to escape 
as individuals from the common mass, their sub- 
visible smallness is revealed. But water was chosen 
at random to cxemplify matter generally. All 
other samples of matter—all other specific chem- 
ical substances—can undergo similar changes of 
state, although 1n some cases the practical condi- 
tions are hard to realize. In the solid state the 
molecules of a substance are relatively closely 
packed and the intermolecular attractions are 
strong enough to prevent the free migration of 
the individual molecules within the solid mass, 
although each is free to vibrate (due to heat 
energy) in the region of a relatively fixed locus. 
In the liquid state the intermolecular distances 
are greater and consequently the forces of attrac- 
tion between the molecules are significantly 
smaller. Under these conditions, the individual 
molecules are free, not only to vibrate, but also 
to migrate (more and more rapidly as the ab- 
sorbed heat energy increases) through the body of 
the liquid, although they are not free to escape 
en masse from the definitive boundary of the 
liquid. Finally, when a liquid has been energized 
by heat beyond a certain critica] point, the mole- 
cules of the mass begin to move so rapidly that 
they separate themselves more or less completely 
from the intermolecular attractions; and in the 
gaseous state, the subvisible smallness of the indi- 
vidual molecules becomes apparent. 


Molecules vs. Atoms. There are thousands of 
different kinds of matter, such as water, sugar. 
oxygen, nitrogen, etc., or—as the chemist expresses 
it~—thousands of specifically different substances, 
each characterized by a different kind of mole- 
cule. The problem of identifying these many spe- 
cific molecules belongs, of course, to the field of 
chemistry. But the molecules present in proto- 
plasm also belong to biology; and it so happens 
that some of the protoplasmic molecules are ex- 
tremely complex in their chemical structure. 

The chemist designates each specific molecule 
by its formula, which specifies the atoms that 
are combined in definite proportion in each dif- 
ferent molecule—as, for example; water = HO; 
table sugar = C,.Ho.O,,; and oxygen =OQO.. If 
such examples were repeated indefinitely, it would 
be found that the molecular formulas of all 
known substances can be given by using the sym- 
bols of only 92 different atoms (elements), to- 
gether with their relatively rare isotopes. In other 
words, the same elements enter into a multitude 
of specific chemical combinations in forming the 
molecules of all substances in our universe. 

The methods used by the chemist in determin- 
ing that a sugar molecule is to be designated as 
C,.H2.0,,, or the water molecule as H.O, are 
dificult and indirect: but taken as a whole, they 
are absolutely convincing. However, only the 
slightest indication of these methods can _ be 
given here. 

In the case of sugar, it is not dificult to demon- 
strate that carbon (C) is present in the molecule. 
Anyone who has heated sugar and allowed it to 
char has demonstrated this point. At high tem- 
perature sugar molecules begin to decompose, 
liberating carbon, the familiar black solid, which 
is easily recognized. The presence of hydrogen 
(H) and oxygen (QO) in the sugar molecules can 
also be shown by heat decomposition, at very high 
temperature, in a sealed retort. Under these con- 
ditions, the water (H.O) that is liberated can be 
collected and identified. And finally, the water 
can be decomposed by means of a strong direct 
current, and the liberated hydrogen and oxygen 
can be identified (Fig. 4-1). 

The molecules of a substance are the smallest 
unit particles of that substance; and if a substance 
be subdivided into particles smaller than its mole- 
cules, it no longer remains the same substance. 
Water, for example, becomes hydrogen and 
oxygen; sugar becomes carbon, hydrogen, and 
oxygen. Atoms, on the other hand, are the 
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Fig. 4-1 When a direct current flows through water, 
the water molecules decompose into hydrogen (left test 
tube) and oxygen (right test tube). Note that the quan- 
tity (volume) of the hydrogen produced is twice thot 
of the oxygen (as in H.,O). 


kinds of smaller particles that combine together 
in fixed proportion to form a countless varicty of 
molecules. 

Substances vs. Mixtures. Every sample of matter 
is either a substance or a mixture (Fig. 4-2). 
Strictly speaking, a substance ts a purified single 
kind of matter 
the same species. 


in: which all the molecules are of 
Purified (distilled) water, or 
lighly refined sugar, or pure oxygen must there- 
fore be designated as substances. Mixtures, unlike 
substances, are made up of more than one kind of 
molecule. Pond water, although it is composed 
chiefly of H,O molecules, also contains molecules 
of various minerals as well as the molecules ol 
nitrogen (N.) and oxygen (Oy), dissolved from the 
molecules of 


atmosphere; air contains 


and small amounts of other gases. Con- 


oxygen, 
nitrogen, 


Aa 


oe 





Oo ; 
DPRA GDH 


Fig. 4-2. Diograms representing two substonces (A and 
B), and a mixture (C) of the two. The large open circles 
represent oxygen atoms, the smaller dark circles hydro- 
gen atoms. A, a free element, oxygen (O.,), in which all 
the molecules are alike and contain only one kind of 
atom. B, a compound, water (H.,O), in which all the 
molecules are olike, each consisting of one oxygen and 
two hydrogen atoms. ©, a mixture of water ond free 
oxygen (i.e., oxygen dissolved in water), which may be 
mixed in various proportions. 














sequently these latter kinds of matter are desig- 
nated as mixtures. 

In practice a substance 
from a mixture containing that substance in large 
proportion by the fact that the purified substance 
displays a nonvariable and standard set of phvsi- 


cal and chemical properties. 


one can distinguish 


Each specific sub- 
stance can be identified with absolute certainty 
by its known properties. A purified sample of 
water (HO) displays the same properties regard- 
Jess of whether it is obtained Irom Siberia or 
Afghanistan. Its physical properties (color, taste, 
odor, boiling point, freezing point, etc.), and its 
chemical properties (see later), allow no question 
as to its identity as a single substance: and the 
same holds true for al] other known substances. 


Table sugar. or more properly sucrose, C,;.H».O),, 


The Chemical and Physical Structure of Protoplasm - 69 


can be distinguished from all other similar and 
dissimilar substances, on the basis of exact meas- 
urements of its melting point, crystalline struc- 
ture, degree of sweetness, solubility, and other of 
its specific physical and chemical attributes. 

A mixture, In contrast to a substance, displays 
variable properties, depending upon the propor- 
tions of the mixed components. The properties 
ol pond water, for example, vary widely accord- 
ing to the locality from which it is collected. It 
may contain different mineral salts from the soil 
und various amounts of the atmospheric gases. It 
may display a wide variety of tastes and colors 
and considerable variation in the boiling and 
freezing points. It may even be toxic when drunk. 
Or crude sugar may be light or dark, strongly or 
weakly sweet, easy or difhcult to dissolve, and so 
forth, depending upon the refinement of the 
methods used to extract it from the cane. The 
variations of a mixture depend upon the varying 
proportions of the mixed substances, and perhaps 
the most complex and variable of all mixtures is 
protoplasm itself. In protoplasm the number of 
components is very great, and the problem of un- 
derstanding their interactions is very difficult. 

Chemical Combination vs. Mixing. The fixity of 
the propertics of a substance, as compared to the 
variability of the properties of a mixture, is due 
to the fact that the atoms that constitute the 
molecules of a substance are chemically united in 
fixed proportion; whereas the molecules that com- 
pose a mixture may be present in any proportion. 
This may be tlustrated by a specific case. ‘Take, 
for example, a strong gas tank containing hydro- 
gen gas (H,) and oxygen gas (Oj) mixed together 
(Fig. 4-3). In the tank the hydrogen and oxygen 


Fig. 4-3. 


hydragen atoms. 


The mixing af twa substances is nat the same as chemical 
union between them. A, reaction tank cantains a mixture af free 
axygen (O.) and hydrogen (H.) before ignition has accurred. B, 
same tank after the hydrogen has burned (united with axygen). Two 
hydragen atams unite with each axygen (i.e., the atoms unite in a 
fixed praportian). Therefare the resulting campound, water (H.O), is 
a unifarm product. Large dots represent oxygen atoms; small dats, 


may be present in any proportion. With little hy- 
drogen and much oxygen, the mixture as a whole 
will be relatively heavy and dense; or conversely, 
with little oxygen and much hydrogen, the mix- 
ture will be lighter and less dense. In other words, 
the properties of the mixture in the tank are al- 
together variable. But suppose that gradually the 
tank is heated. At a critical temperature, com- 
bustion, which represents a chemical union be- 
tween the atoms of the hydrogen (H) and the 
oxygen (O), will start and then proceed with ex- 
plosive speed. A fraction of a second later, all that 
can be recovered from within the tank is a small 
amount of water (H.O) and a residual quantity 
of either oxygen or hydrogen—depending upon 
whether the exploded mixture contained an ex- 
cess of the one or the other (Fig. 4-3). But the 
point to be made is that when two or more atoms 
chemically unite to form a molecule, they do so 
in fixed proportion. The fixed proportion that 
determines the specific combining power of each 
different kind of atom is given by its valence 
number. Consequently this number must be 
learned, at least for all atoms present in the pro- 
toplasmic system (Table 4-1). 

Atomic Structure. The fact that the molecules of 
all substances are constituted by specific comhina- 
tions of the atoms of a limited number of difter- 
ent elements, has heen recognized by  scien- 
tists for many years now. But it is only in the 
recent years of “atom smashing’ that conclusive 
proof has been advanced that each atom is consti- 
tuted of electrically charged smaller particles that 
are of just two sorts. The center of each atoin is 
constituted mainly of protons, each bearing a 
single positive charge, although there are some 
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Structure of atoms of atomic numbers 1-20 and 26. The central circle represents the atomic nucleus, 


the atomic number; the small black circles rep- 


resent planetary electrons. These figures are purely diagrammatic and do not pretend to show the actual spatial 
configuratian of the electrons. The otoms whose symbals are printed in heavy type are those of elements generally 


present in living matter. 
negatively charged particles, the electrons, also 
present in the atomic center.4 Energetically re- 
volving around the atomic center, like the planets 
of the solar system, there is another group of 
electrons, the planetary electrons. The number 
of protons and electrons present im the whole 
configuration differs for each particular kind ol 
atom (Fig. 4-4). but always the total number of 
electrons present in a given atom is exactly equal 
to the number of its protons. In short, each atom, 
asa whole, isan uncharged body. 

A knowledge of atomic structure provides an 
understanding of how various atoms enter into 
chemical One group of the atoms (the 
electropositive atoms) tends to give up one or 
more planetary electrons, transferring the clec- 
trons to the planets of atoms of another group 


(the electronegative atoms), which have a tend- 


union. 


ency to gain planetary electrons. When such an 
exchange occurs (Fig. 4-5), the participating atoms 
tend to cling together, constituting a molecule. 
The atom that has lost electrons now possesses 
a positive charge, and this makes it cling to the 
other atom, which having gained electrons, pos- 
sesses a negative charge. Such studies also explain 

4 Actually the atomic center is composed mainly of 
neutrons, each formed by the union of one proton 
with one electron. In fact, the number of free protons 
present in the atomic center is restricted to the num- 
ber of planetary electrons in each atom, and this de- 
termines the atomic number (Fig. 4-4). 
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Fig. 4-5. Chemical unian between an otom of sodium 


(Na) and an atom af chlorine (Cl) to form a molecule 
of salt (NaCl). 


the existence of a third general group of atoms, 
the inert clements, like helium and neon (Fig. 
4-4). These inert atoms never [orm any chemical 
compounds. Each possesses a very stable planetary 
system, which resists the gaining or losing of elec- 
trons. But among chemically active atoms, the 
number of planetary electrons that can be gained 
or lost during chemical union is specified as the 
valence of the particular atom in question. 
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The newer knowledge of atomic physics also 
provides a key to other problems. It explains, for 
example, the source of the energy that is liberated 
or bound whenever a chemical reaction takes 
place (see p. 78). Each atom is a system super- 
charged with energy—the kinetic energy of the 
vibrating and revolving electrons, and the poten- 
tial energy of the electrical attractions between 
the protons and electrons. No two different atomic 
combinations, or molecules, ever possess pre- 
cisely equal quantities of intramolecular energy. 
Therefore, it follows that any alteration in 
atomic comhination, such as occurs during every 
chemical reaction, must involve either gain or loss 
of energy. Either there is an energy surplus, 
which is put forth, or there is a deficit, which is 
absorbed, with reference to the environment. 
Accordingly, when we witness an expenditure of 
energy in any cell—such as the beating of cilia or 
the contracting of muscle—we know that the 
energy arises from the chemical reactions that 
constitute the metabolism of the cell. 


CHEMICAL COMPOSITION OF PROTOPLASM 


Organic vs. Inorganic Substances. The 
many substances present in protoplasm fall 
naturally into two great classes: organic and 
inorganic substances. Early in the nineteenth 
century it was thought that some “vital fac- 
tor’’ was distinctive of organic substances, 
because up to that time no organic sub- 
stance had ever been obtained except from 
the bodies of living organisms. But in 1828, 
Woehler first synthesized an organic com- 
pound (urea), and since then a wide variety 
of organic compounds have been manufac- 
tured in the Jaboratory—many of which, like 
aspirin and = sulfanilamide, never existed 
previously. Nevertheless an important dis- 
tinction differentiates organic from inorganic 
substances. Excluding artificial synthesis, or- 
ganic compounds, such as sugar, are found 
only in living bodies, or in their products 
and remains; whereas inorganic substances, 
such as water, are found both in living and 
in nonliving bodies. 

Inorganic Substances. Inorganic substances 
make up the bulk of living as well as non- 
living matter. The rocks. soil, atmosphere, 


and waters of the earth are composed almost 
entirely of a wide variety of inorganic ma- 
terials. And in living matter also, the inor- 
ganic components greatly preponderate. This 
is due mainly to the high proportion of 
water in all protoplasm, although lesser 
quantities of the inorganic salts, acids, bases, 
and gases are likewise always present in 
protoplasm. 

Water. Water is by far the most abundant 
single compound in all protoplasm. The 
proportion of water—in terms of the weight 
of the protoplasm—varies between 70 and 90 
percent in different cells, and this water is by 
no means inert and unimportant. Without 
water, there is no such thing as protoplasm; 
and the life structure of any cell is immedi- 
ately destroyed if the cell loses a significant 
proportion of its water content. 

Water is so familiar that it is difficult to 
appraise its functions scientifically. Never- 
theless, the unique physical and chemical 
properties of water give it a dominant role 
in determining protoplasmic structure and 
activity. In fact, water is the chief dispersion 
medium of the protoplasm. In other words. 
water is the liquid that dissolves, suspends, 
or otherwise disperses most of the various 
other substances present in the cell. 

Solvent Properties of Water. One important 
property of water is its high efficiency as a 
solvent. No other single liquid substance is 
capable of dissolving so many other sub- 
stances. Water is the most effective solvent 
for inorganic compounds generally; also, 
many important organic compounds are sol- 
uble in water. 


When a substance (the solute) dissolves in an- 
other substance (the solvent), the solute tends to 
become dispersed throughout the solvent. The 
idea] state of true solution is reached when all the 
molecules of the solute have become individually 
separated from the dissolving mass and have 
scattered freely throughout the solvent. ‘Thus 
when a crystal of sugar is dropped into a glass of 
water, the disappearance of the crystal indicates 
that the sugar molecules, which previously formed 
a compact and tangihle mass, have hecome indt- 
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vidually separated and distributed throughout the 
Waler. 


The solvent capacity of water is important 
because the many compounds in protoplasm 
are dissolved in a common medium, and this 
intimate nuxing of the different molecules 
ereatly enhances their chemical reactivity. 
Dissolved substances interact together much 
more rapidly than mixtures in a dry state. 
Therelore, much of the complex metabolism 
of the cell would not be possible if the proto- 
plasmic dispersion medium could not en- 
compass such a rich variety of chemical 
components. Moreover, the protem compo- 
nents of the protoplasm require an aqueous 
environment if each is to maintain its molec- 
ular configuration and metabolic activity 
(p87). 

Thermal Properties of Water. The [freezing 
(0° C) and boiling (100° C) points—between 
which water remains in liquid state—repre- 
sent the approximate extremes that are tol- 
erable to protoplasni.® If temperatures in 
this range had not prevailed on the earth for 
many years, lile as we know it could not have 
been <evolved. Likewise; the exceptionally 
high heat capacity® of water plays an impor- 
tant role in the lle of organisms generally. 
When the temperature of the environment 
changes rapidly, that of the living body 
changes much more slowly, owing to its large 
content of water. Accordingly, organisms 
have time to take measures of self-preserva- 
tion when drastic changes occur in the tem- 
perature of the environment. A frog, for 
example, may sit on a rock in the broiling 
sun, while the temperature of the rock— 


5In dormant state, a number of cells are able to 
endure lengthy exposure to subzero (<° C) tempera- 
tures, but few if any can continue to function during 
the exposure. 

6 The heat capacity (specific heat) of a substance 
specifies the quantity of heat (number of calories) re- 
quired to raise the temperature of | gram of the sub- 
stance | degree Centigrade. For water, the heat capac- 
ity is one (cal), an exceptionally high value. Or, to 
use a different unit, one large calorie (J Cal), which 
is designated by the capital C, is required to produce 
a 1° C elevation in the tentperature of a Hter (= 1000 
g) of water. 


which has a relatively low heat capacity— 
rises with considerable rapidity. But the tem- 
perature of the frog rises much more slowly, 
and this allows ample time for the frog to 
seek a nearby pond. 

Another important thermal] property of 
water is its exceptionally high heat of vapor- 
ization,’ which provides a cooling factor in 
organisms generally. In the case of man and 
other higher animals, perspiration 1s vapor- 
ived from the surface of the body, and this 
process dissipates large amounts of heat, 
which otherwise would elevate the body 
temperature. In higher plants, the process of 
transpiration likewise keeps the temperature 
of the leaves below the lethal point; and at 
the same time, transpiration generates a force 
that draws more water up from the soil 
(Chap. 13). 

Chemicol Activity of Woter. Water partici- 
pates in many metabolic reactions in afl 
cells. Hydrogen and oxygen are constituents 
of virtually all organic compounds, and con- 
sequently water frequently appears among 
the initial or end products, when such com- 
pounds are metabolized in the protoplasm. 

WATER IN RELATION TO DissociATION. 71 
solution many molecules tend to dissociate, 
or tonize, forming electrically charged frag- 
ments, Not all substances can 
dissociate appreciably, but the tendency, if 
present, always reaches a maximum when a 
substance is dissolved m water. 

The dissociation of table salt (NaCl) is 
given in the following equation: 


called ions. 


dissociatian 


NaCl a Not + Cl- 
molecular associatian sodium chloride 
sodium chloride, ion ion 
in aqueous 
solution 


l 


which shows that each molecule of NaCl, 
when it dissociates, liberates one sodium ion 
(Nat) and one chloride ion (Gla: 


7 The heat of vaporization (expressed in Calories) 
specihes the quantity of heat required to vaporize one 
gram of a liquid, and the value for water (0.540 Cal) 
is unusually high, 
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The origin of the electric charges, which 
are characteristic of all ions, can be seen by 
inspecting the atomic structure of the NaCl 
molecule (Fig. 4-5). The sodium atom in unit- 
ing with chlorine gives up one electron, 
becoming the sodium ion (Nat); and the 
chlorine atom becomes the chloride ion 
(CI—-), by accepting an electron. So long as 
these ions remain united as the NaCl mole- 
cule, the electric charges neutralize each 
other; but if the ions separate—as they do 
when the salt is dissolved in water——the 
ionic charges become effective. 

Not all ions are as simple as Na+ and Cl-, 
as may be seen in the following cases: 


dissociction 


1, NaNO3 z———>Nat+ + NO;y 
sodium association sodium nitrate 
nttrate, ian ion 

in oqueous 
solution 

2. MgClo Panay ame Mg?+ + 2CI- 

mognesium magnesium chloride 
chloride ion ion 


Generally speaking, an ton 1s an atom, or 
group of atoms, that bears one or more elec- 
tric charges. Positively charged tons are 
called cations, and negatively charged tons 
are called anions. 

ELECTROLYTES AND NONELECTROLYTES. Some 
substances, such as sugars, starches, and fats, 
display no appreciable tendency to ionize, 
and such compounds are called nonelectro- 
lytes; but other substances, such as salts AlCl 
proteins, dissociate more or less strongly, and 
these are called electrolytes. Among the elec- 
trolytes, some are strong and others are weak, 
depending upon the proportion of the mole- 
cules of the given substance that undergo 
dissociation in aqueous solution. 


Experimentally, electrolytes are distinguished 
from nonelectrolytes by measuring the electrical 
conductivity of the substances dissolved in water. 
Water itself conducts electricity very poorly, and 
when pure water is placed between the poles in 
an electric circuit, scarcely any current flows. But 
if a strong electrolyte, such as sodium chloride, is 
added to the water, the’ resulting solution ts a 


good conductor. ‘The current, in fact, is carried by 
the ions of the solution. The cations (in this case 
Nat) migrate toward the cathode, or negative 
pole; and the anions (in this case Cl—) pass to- 
ward the anode, or positive pole. Accordingly, 
the conductivity of an aqueous solution is a good 
index to the degree of dissociation of the solute 
molecules. In the case of nonelectrolytes, such as 
sugar, the solution, as compared to pure water, 
displays little or no increase in conductivity. 


Many compounds in the cell are strong 
electrolytes, which dissociate freely in the 
aqueous parts of the protoplasm. On this 
account, protoplasm itself will conduct elec- 
tricity quite freely, and this fact is of con- 
siderable importance in every cell (Chap. 11). 

DissOcIATION OF WATER: HYDROGEN AND 
Hyproxyi fons. The conductivity of pure 
water 1s very small, but even this small con- 
ductivity is significant. It indicates that water 
dissociates in small degree, as is shown in 
the following equation: 


—_— 


: CSR EEE =F = 
H:-OH(H20) 2 H + OH 
molecular hydrogen hydroxyl 
water ion ion 


Despite the fact that the ratio of dissoci- 
ated to undissociated molecules in pure water 
is very small (1:555,000,000), the dissociation 
of water cannot be overlooked. Hydrogen 
ions (H+) and hydroxyl ions (OH~—) are both 
extremely active ions, which participate, di- 
rectly or indirectly, in many metabolic re- 
actions of every cell. 

Acip, BAsitc, AND NEUTRAL SOLUTIONS. All 
solutions are classified as acid, basic, or neu- 
tral—depending upon the proportion of hy- 
drogen (H+) and hydroxyl (OH—) tons they 
contain. In acid solutions, the hydrogen ion 
is more abundant than the hydroxyl; in basic 
(alkaline) solutions, the hydroxyl ion is more 
abundant than the hydrogen; and in neutral 
solutions, the hydrogen and hydroxy! tons 
are present in equal numbers. 

Pure water (HOH) displays a neutral re- 
action, because each dissociated water mole- 
cule liberates H+ and OH™~ ions in equal 
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Table 4-3—Reciprocal Relation between the Hydrogen lon Concentration [H+] and the Hy- 
droxyl lon Concentration [OH~] in a Solution When the Acidity or the Alkalinity is Varied 





[H+] [OH] 
Mois per Liter Mols per Liter 
leae] O8 [eee 24 
el Je ealitherds 
1 10-4 I°. 19-10 
1 10-7 1S“ 10-7 
1 s< 19-10 Lx 10-4 
1015 ke 0-2 
Exo 


ea r0e 


ratio (1:1). The reaction of protoplasm, how- 
ever, is not precisely neutral, since proto- 
plasm may vary sleftly in either an acid or 
a basic direction. Protoplasim contains many 
acid substances (p. 75), which hberate hydro- 
gen ions, and many bases, which yield hy- 
droxy] ions, and interactions constantly occur 
between these compounds. Accordingly, local 
changes im acidity and alkalinity occur, al- 
though these shifts are very small. In any 
solution the abundance of hydroxyl [OH7] 
ions varies tnversely with the abundance of 
hydrogen [H+] ions (see Table 4-3). Conse- 
quently it is posstble to designate the vary- 
ing degrees of acidity-alkalinity on a single 
scale. This pH scale (Fig. 4-6) is very useful, 
since many metabolic reactions are exceed- 
ingly sensitive to smal] hydrogen ion changes 
occurring at localived foci im the protoplasm. 

When indicator dyes—which change color 
according to the hydrogen ion concentration 
are microinjected into a cell, it is found 
that the reaction of the cytoplasm 1s stabilized 





pH=14 


Log [H+] —log [H+] = pH 

0) 0 

—|] ] 
—4 | 4 

—7 7 
—10 10 
—13 13 
—]4 | 14 


at a point very slightly on the acid side of 
neutrality (pH 6.8); while the nucleoplasm 
is very slightly alkaline (pH 7.6). Moreover, 
the cell maintains this approxunate neutral: 
ity of the protoplasm; and if acids or bases 
accumulate unduly m any cell, the proto- 
plasmic structure deteriorates and death re- 
sults. 

SALTS, Acipbs, BASES, AND “THEIR RESPEC- 
TIVE Ions. Many different imorganic salts are 
found in protoplasm—and the same is true 
of imorgamic acids and bases—-except that 
these compounds are present in much smaller 
amounts. Moreover, all the inorganic salts, 
acids, and bases are highly dissociated into 
ions; and in protoplasm, the many ions con- 
tinuously unite and disunite in various ways, 
as may be seen in Table 4-4. 


‘Table 4-4 also shows that the classification of 
inorganic compounds depends upon the presence 
or absence of hydrogen (H+) and hydroxyl (OH—) 
An sub- 


ions In the various compounds. acid 





~<—— MORE ALKALINE 


Fig. 4-6. 


MORE ACID ———>- 


NEUTRAL 


POINT 


The pH scale, by which the degree af acidity or alkalinity of a solution may be specified. Numbers 


below the neutral point (pH 7) indicate greater and greater ocidity (greater abundance of hydrogen (H*) ions); 
numbers above 7 indicate increasing alkalinity (lesser abundance of hydragen ians). 
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Table 4-4—Main Inorganic lons in Protoplasm 
(classification of inorganic compounds) 


Cations Anions 
Hydrogen Ht Wael Co OO hydroxy! 
Sodium Nat — oe chloride 

acids bases 
Potassium Kt a. NO; nitrate 
Ammonium NH* ¢——+> salts «——__—___) HCO? bicarbonate 
Calcium Ca* SO*~ sulfate 
Magnesium Mg?+ PO?— phosphate 


Origin of the four main kinds of inorganic compounds: water, salts, acids, and bases. Water its formed by 
g ; 


a union between (H*) and (OQH-) ions; 
bases by OH- 
untling with anv anion except OH-. 


stance represents the union of hydrogen ion with 
any anion. except the hydroxyl: a base represents 
the union of hydroxyl ion with any cation except 
the hydrogen; and a salt is any cation, except 
H+, combined with any anion, except OH—. In 
inorganic chemistry. therefore, water, which rep- 
resents a union between the hydrogen and hy- 
droxyl ions, occupies a class all by itself. 

The hydrogen and hydroxyl ions in_ proto- 
plasm are relatively less abundant than other tons. 
This is because most of these ions remain associ- 
ated as HOH (water). Consequently the manifold 
molecules, which momentarily are formed when 
oppositely charged ions come into contact, give 
rise mainly to salts, such as sodium chloride 
(NaCl) and sodium nitrate (NaNO,) (see Tahle 
4.4). However, some hydrogen and hydroxyl ions 
are always present, so that protoplasm always 
contains traces of the various inorganic acids, 
such as hydrochloric acid (HCl) and nitric acid 
(HNO,); and traces of inorganic bases, such as 
sodium hydroxide (NaOH) and potassium hy- 
droxide (KOH) (Table 4-4). 


Gases in the Protoplasm. Al! cells are 
permeable to the atmospheric gases, and 
these gases are soluble both in water and in 
protoplasm. Consequently, the gases of the 


acids are formed by H* ion uniting with any anion except OH-; 
ion uniting with any cation except H*: and finally, salts are formed by any cation except H* 


air tend to enter all cells and to dissolve in 
the protoplasm. 

Nitrogen (N.), due to its abundance in the 
air (79 percent), is always present in the cell; 
but free nitrogen is very inert chemically, 
and free Nz does not participate in the metab- 
olism of most cells—although the compounds 
of nitrogen are very important in metabo- 
lism. Considerable oxygen (OQ.) also enters 
the cell, due to its abundance (20.96 per- 
cent) in air; and oxygen takes part in many 
metabolic reactions. Without oxygen, in fact, 
most cells cannot maintain their structure 
and activities, except for relatively short 
periods. Very little (0.03 percent) carbon 
dioxide (CQz) is present in the atmosphere, 
but CO, is produced in the oxidative metab- 
olism of all cells. In the cell much of the car- 
bon dioxide unites chemically with water, 
forming a weakly acidic compound, carbonic 
acid (H»COs): 


COs s+ H.0 = = +H, HCO, 2 me He He HCO- Boe 


ca Phonic bicarbonate 
acid ion, 
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Organic Components of Protoplasm. Ex- 
cept when synthesized artificially, organic 
compounds occur only in hving bodies, or 
in their products and remains. Organic mole- 
cules tend to be relatively large and com- 
plex, and usually organic molecules lack any 
strong tendency to tonize. However, the most 
important distinction between organic and 
inorganic compounds hes in the intrinsic 
composition. The element carbon (C), which 
rarely appears In inorganic chemistry, 1s pres- 
enti all organic compounds. In other words, 
organic Chemistry is the chemistry of carbon 
compounds. In fact, the commonest test to 
determine whether an unknown substance 1s 
organic or inorganic 1s the charring test. Vir- 
tually every organic compound decomposes 
and yields carbon if it is heated drastically in 
a dry condiuon. 

The unique capacity of carbon to form a 
ereat variety of compounds—which are segre- 
gated as a separate branch of chemistry— 
derives from the structure and behavior of 
the carbon atom. Carbon differs from most 
other atoms in that it 1s intermediate be- 
tween the electropositive atoms, which lose 
electrons, and the electronegative atoms, 
which gam electrons, when they unite to 
form their respective compounds. Carbon 
can combine with either type of atom, and 
this capacity enriches the variety of carbon 
compounds. Furthermore, the valence of car- 
bon is relatively high. By gaining, losing, or 
sharing the four valence electrons, carbon 
can unite with four other univalent atoms or 
atomic groups. 

An even more important property of car- 
bon is Its capacity to unite with other carbon 
atoms. [his property enables carbon to form 
a wide variety of chainlike and ringlike 
“molecular skeletons,” and in this way car- 
bon is able to umte with many other atoms, 
forming very large complex molecules. 

Table 4-5 shows a simple series ol organic 
compounds composed entirely of carbon and 
hyctrogen. Here it should be noted that the 
ciifferent molecules are constructed in similar 
fashion, in that: (1) every carbon atom pos- 


sesses four Combining points; (2) each mole- 
cule is formed by a series of carbon to carbon 
linkages; (3) the linkage between any two 
consecutive carbon atoms mutually pre-empts 
one valence from each carbon; and (4) each 
hydrogen atom occupies just one valence 
point of any given carbon atom. 

Kinds of Organic Substances. Living cclls 
contain a very great varicty ol organic com- 
pounds. These carbon compounds are con- 
tinually changing by interaction with each 
other, but certain kinds tend to be most 
abundant in the protoplasm. The most 
abundant organic compounds are divided 
into three main classes—the carbohydrates, 
the lipids, and the proteins—which are dlis- 
tingiushable on the basis of their physical 
and chemical characteristics, and on the basis 
ol theiraiunetions in the cell. There arerstt]] 
other organic compounds (p. 89), which can- 
not be put into any of the three major classes, 
although they very 
metabolically. 


may- “be Important, 

Carbohydrates. The most familar carbo- 
hydrate compounds are the sugars, starches, 
glycogens, and celluloses. Chemically, all car- 
bohydrates have much in common, although 
different carbohydrates may have different 
functions in the cell. 

The chemical structure of carbohydrates 
can be exemplified by two specific com- 
pounds: (1) glucose (C,,H,.O,), a white crys- 
talline sugar, present in practically every 
cell; and (2) sucrose (C,.H..O,,), the familiar 
sugar of the dining table. The formulas of 
these compounds show that (1) the only con- 
stituents of a carbohydrate are carbon, hydro- 
gen, and oxygen; (2) the hydrogen and oxy- 
gen display a ratio of 2:1 (as in water); and 
(3) six (or a multiple of six) carbon atoms are 
present. The first two points are true for all 
carbohydrates, and the third is true for a 
majority. Accordingly, typical carbohydrates 
are compounds solely of carbon, hydrogen, 
and oxygen, in which frequently carbon 
atoms are present to the extent of six (or a 
multiple of six) and the hydrogen and 
oxygen are in a two to one ratio. 
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Table 4-5—A Series of Relatively Simple Organic Compounds 
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GiucosE. Glucose is a most important 
carbohydrate. In every cell glucose can pro- 
vide not only energy, but also matter, for the 
synthesis of quite a few other essential com- 
pounds. 

Pure glucose, like table sugar, is a white 
crystalline sweet-tasting solid, which is very 
soluble in water. But compared to sucrose, 
glucose is more active chemically; and glu- 
cose, due to the smaller size of its molecules, 


H H H H 
Ltd | 
feo ei 
le le | 
H H H H 


can pass through cell membranes more easily 
than sucrose. 

GLUCOSE AS A PRoTopLasmic FuEL. The 
energy expended by a cell when it moves and 
performs its other activities all comes from 
the decomposition of organic compounds in 
the protoplasm. These organic compounds 
possess a rich fund of intramolecular energy; 
and in serving as fuel, large energy-rich mole- 
cules continually decompose into simpler end 
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products, liberating the balance of energy 
for the useful work of the cell. Moreover, 
many of these decompositions are oxidative 
in nature. 

Among the fuels used by cells generally, 
glucose is very important. Most cells are able 
to “burn” glucose, and many cells use glu- 
cose in preference to other fuels. 

The oxidation of glucose proceeds in many 
steps (p. 148), but the over-all oxidation can 
be specified as follows: 


Git Ons ESO; 
‘1 mol 6 mol 
glucose oxygen 


decomposition synthesis 
6CO. -+ 6H.O -+ E (energy) 
6 mol 6 mol 4 Col 
corbon = water per g of 
dioxide glucose 


In other words, by uniting with six mole- 
cules of oxygen, each glucose molecule pro- 
duces six molecules of carbon dioxide and 
stx molecules of water; and in this oxidation, 
energy is liberated for the use of the cell. 

Chemical Reactions in Relatian ta Matter and 
Energy. The oxidation of glucose exemplifies 
the nature of chemical reactions generally. 
In all chemical reactions one or more sub- 
stances are transformed tnto one or more 
other substances by a regrouping of the same 
existing atoms. Accordingly, all chemical re- 
actions displav a conservation of matter—as 
is plain from two considerations. (1) The 
total weight of the reacting substances 
exactly equals the total weight of the result- 
ing substances, and (2) the total number of 
each kind of atom remains unchanged when 
the reaction is completed. In the present 
case, for example, the glucose and oxygen 
that are consumed weigh exactly as much as 
the carbon dioxide and water that are pro- 
duced. Also, the equation is balanced, since 
both the initial and the final products are 
constituted by 6, 12, and 18 atoms respec- 
tively, ol carbon, hydrogen, and oxygen. 





Virtually all chemical reactions involve 
some kind of energy transaction. On_ this 
basis, in fact, chemical reactions are generally 
subdivided into two groups: (1) exothermic 
reactions, which discharge energy fo the en- 
vironment; and (2) endothermic reactions, 
which absorb energy from the environment. 

Larger and more complex molecules gen- 
erally possess a greater fund of intramo- 
lecular energy than a corresponding weight 
of smaller and simpler molecules. Conse- 
quently most decomposition reactions—in 
which larger molecules are fragmented into 
smaller ones—give forth energy to the en- 
vironment. But conversely, most synthetic 
reactions—in which larger molecules are 


built from smaller wnits 





cannot proceed 
without absorbing energy from the environ- 
ment, 

The foregoing equation shows that the 
oxidation of glucose is a typical decomposi- 
tion. It is exothermic to the extent ol 4 
Calories per gram of glucose consumed. How- 
ever, the same reaction proceeding in the 
opposite direction—and this occurs when 2 
green plant cell absorbs sunlight and con- 
verts carbon dioxide and water into glucose 
and oxygen—is a typical synthesis, namely, 
photosynthesis. Photosynthesis is an endo- 
thermic reaction, and can occur only when an 
equivalent fund of energy, in the forn ol 
light, is available for absorption from the 
environment. 





Glucose is employed more universally than 
other protoplasmic fuels. The cells of man’s 
body, for example, derive much ol their 
energy, at least indirectly, by oxidizing glu- 
cose. Man’s blood stream carries a very con- 
stant supply of glucose, and the “blood sugar 
level” must be maintained at a minimum of 
about 0.1 percent if serious collapse is to be 
avorcded (p. 00). 

Synthesis of Other Carbahydrates from Glu- 
case. Cells also use glucose as a raw material 
lrom which to synthesize other carbohydrates. 
In this case a number ol glucose molecules 
unite chemically, forming larger types ol 
molecules. Accordingly, many carbohydrates 
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are essentially aggregates, formed by the 
chemical union of a greater or lesser number 
of glucose molecules. 

DEHYDRATION SYNTHESIS. One of the com- 
monest methods by which cells synthesize 
larger molecules from smaller units is by the 
process of dehydration synthesis. This type 
of reaction is shown by the synthesis ol malt 
sugar (maltose), which occurs in many plant 
cells (Fig. 4-7). Each molecule of maltose is 
formed from two molecules of glucose, and 
in the course of the reaction, one molecule of 
water is formed as a by-product. 


H— C,H,,Os—C4H10O; —-OH + HOH 


1 mol maltose 1 mol 
water 
synthesis | | hydrolysis 
H— Gita, © —OH “- i C-H.,0; —OH 


2 mol glucose 


Fig. 4-7. Building one molecule of maltase from two 
malecules of glucase, by dehydration synthesis. Note 
that o molecule of woter is formed os a by-praduct. 
Opposite reoction, termed hydrolysis, uses a mole- 
cule of water to split one maltose inta two glucose 
molecules. 


The synthesis of maltose may be taken as 
the prototype for dehydration synthesis gen- 
erally. In fact, any union between smaller 
molecules that involves the formation of 
water asa by-product is called a dehydration 
synthesis. In a dehydration synthesis, water 
is always formed as a by-product, because one 
molecule of water is eliminated at each point 
where union occurs between two smaller 
molecules, as is shown in Figure 4-7. 

In the cell, many large molecules, not only 
of carbohydrates, but also of proteins and 
other substances, are built by a series of de- 
hydration syntheses, which keep adding to 
the length of the carbon skeleton. 

Hyprotysis. Hydrolysis is the opposite of 
dehydration synthesis, as is also shown in 


Figure 4-7. Hydrolysis occurs when a larger 
molecule combines with water and fragments 
into smaller molecules. 

Hydrolysis and dehydration synthesis occur 
very frequently in metabolism. Constructive 
metabolism involves the building of many 
complex substances from simpler chemical 
units, and frequently this involves a series of 
dehydration syntheses. Conversely, destruc- 
ttve metabolism often involves the hydrolytic 
splitting of larger molecules into simpler 
components. Hydrolysis reactions generally 
are exothermic, whereas dehydration synthe- 
ses are endothermic; but, with certain im- 
portant exceptions (see p. 143), the quantity 
of energy involved is rather small. 

OTHER CARBOHYDRATES. Alonosaccharides. 
The formula C,H,.0O, 1s not specific for 
glucose. This formula designates a whole 
group of simple sugars, the hexose mono- 
saccharides, among which glucose, fructose, 
and galactose are the most important 
(Table 4-6). These monosaccharide sugars dif- 
ler from one another very slightly as regards 
the degree of sweetness, solubility, chemical 
reactivity, and so forth. In the molecules of 
each, the same numbers and kinds of atoms 
are represented, but the arrangement of the 
atoms is not quite the same (Fig. 4-8). Most 
of the monosaccharides are 6-carbon com- 
pounds, but a few (see p. 80) have only 5 
carbon atoms. 

Disaccharides. From glucose and other 
monosaccharides the cell synthesizes more 
complex carbohydrates as these are needed. 
Two monosaccharide molecules, chemically 
united, constitute a disaccharide, for which 
the general formula is C,.H».O,,. The three 
most important disaccharides (Table 4-6) are 
maltose (malt sugar), sucrose (table sugar), 
and Jactose (milk sugar). Each maltose mole- 
cule represents a union between two mole- 
cules of glucose; sucrose is formed from one 
glucose and one fructose; and lactose is con- 
stituted of glucose and galactose. Accord- 
ingly, all the disaccharides are formed by 
dehydration synthesis from the monosaccha- 
rides; and conversely, each disaccharide lib- 
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ribose deoxyribose 


two pentose sugars 


Fig. 4-8. Moleculor structure of four importont sugars. Note the slight differences between glucose ond fruc- 
tose, although both are 6-corbon sugars (hexoses) with the same gross formula (C,H,..O,,). Also note the differ- 
ence between the two 5-corbon (pentose) sugors, which are extremely important constituents of the nucleic ocids 
(see p. 88). As the name implies, deoxyribose has one less oxygen (O) atom than ribose. 


erates the corresponding monosaccharides, 
when hydrolysis occurs. 

Polysaccharides. The polysaccharides are 
important substances that include the 
starches, glycogens, and celluloses. All these 
compounds are derived Irom glucose by mul- 
tiple dehydration synthesis. The starches and 
glycogens possess huge molecules, each repre- 
senting a complex of almost a thousand gln- 
cose molecules, united chemically mto a 
single unit; and the cellulose molecule 1s 
even larger. The exact number and arrange- 
ment of the glucose units differ somewhat in 
the different starches, glycogens, and cellu- 
loses found in different cells. 

All polysaccharides are relatively insolu- 
ble and tasteless. The starches (in plant cells) 
and glycogens (in animal cells) tend to be 
deposited in the form of definite grains, 


which can be seen in the cytoplasm (Fig. 4-9). 
Cellulose is deposited on the surfaces of plant 
cells, as a thin but visible sheet—the ce// 
well, 

Cellulose has great importance as the chief 
component of cell walls and of woody mate- 
nals generally. Starch and glycogen are also 
important, as reserve protoplasmic fuels. The 
cell can hydrolyze glycogen or starch, obtain- 
ing glucose for use at any moment. Mean- 
while, the deposit of fuel remains safely in 
reserve. Due to the size and insolubility of 
polysaccharide molecules, neither starch nor 
glycogen can escape from the cell; and the 
chemical imertness of these polysaccharides 
safeguards them from deterioration. 

Lipids. All fats and fathke substances are 
meluded among the lipids. Physically, the 
lipids are “greasy” substances, relatively in- 


Table 4-6—Chemical Nature of Some Familiar Carbohydrates 


Class General Formula 


NionmesiccWanides: 2.04.2 oe C,H,.0, 
IDS aC Hales sere ticxcewe tee kaa GiskissO;; 


POLS aeChatiles: 0 ies contre So) ee (CgHy,O35)x 


Specific Names 


Glucose, fructose, lactose 
Maltose (glucose-glucose), sucrose  (glucose- 


fructose), lactose (glucose-galactose) 


Starches, glycogens, celluloses 
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ARROW ROOT 
Fig. 4-9. 


soluble in water, but readily soluble in such 
organic solvents as ether, chloroform, and hot 
alcohol. Lipids that are liquid at room tem- 
perature (about 20° C) are commonly called 
oils (olive oil, cod-liver oil, etc.); but even 
fats such as butter, lard, and tallow, which 
are solid or semisolid at room temperature, 
are generally liquid at the body temperature 
of the warm-blooded animals in which they 
occur. Generally the lipid components of 
the protoplasm are relatively light (low spe- 
cific gravity) and tend to be thrown to the 
“light end” when the cell is centrifuged (Fig. 
4-10). 

Because of their diverse chemical nature, 
lipids are not treated as a single group, but 
are subdivided into three groups: (1) the 
true fats, (2) the phospholipids, and (3) the 
steroids. 

Tue True Fats. The true fats include 
many familiar substances, such as olive oil, 
butter fat, and beef fat. Beef fat (C57H1190¢) 
shows the typical chemical structure of a true 
fat in that: (1) true fats are composed en- 
tirely of C, H, and O; and (2) the natural fats 
have large molecules, containing usually 
about 50 and 100 atoms respectively of C and 
H, but only 6 atoms of O. 

The fats in protoplasm serve mainly as 
accessory fuels. However, fats do not oxidize 
as readily as glucose, although the quantity 
of energy per gram of oxidized fat is con- 
siderably greater (9 Cal as compared to 4). 
Much of the fat in complex animals such 





WHEAT 


POTATO 


Storch grains from different plants, all drawn ta the some scale. 


as man is localized in special cells, which col- 
lectively make up the adipose tissue of the 
body. 

A molecule of fat represents a combina- 
tion of simpler units that can be liberated 
by hydrolysis. In practice this hydrolysis is 
accomplished by boiling the fat in a strongly 
basic solution, although cells hydrolyze fats 
at ordinary temperatures. When hydrolyzed, 
each fat molecule liberates: (1) one molecule 
of glycerol, which is commonly called glyc- 
erin, and (2) three molecules that the chem- 
ist identifies as fatty acid. 


lipids 
nucleus 


clear protoplasm 


lighter granules 


heavier granules 





Fig. 4-10. The fatty materials of protoplasm are rela- 
tively light ond rise to one end when o cell (such as 
this Arbocio egg) is centrifuged strongly. (Courtesy of 
Ethel Browne Harvey.) 
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Glycerol ts a viscous, colorless, water-solu- 
ble liquid, possessing a formula of C,H ,Os, 
and the following chemical structure: 


H 
ee 
eon 
H—C_OH 


1 mal glycerol 


The fatty acids are Jess familiar than glyc- 
erol, although fatty acids are widely used, in 
the form of a water emulsion, as the “brush- 
less’’ type of shaving cream. Dry crstalline 
fatty acids are white, waxy-feeling solids, 
which are not very soluble in water, although 
considerably more so than the fats from 
which they are derived. The most familiar 
fatty acid is stearic acid, CH.(CH,),,; COOH, 
which is obtained by hydrolyzing beef fat. 

The formula for stearic acid shows that 
one end (called the head) of the latty acid 
molecule is constituted by a special grouping 
of atoms (—COOH), which is the carboxyl 
radical. The carboxy! radical is written as 
—COOH, although its true structure is bet- 
ter shown by an expanded formula: 


ee = —-COOH 
oO 


The carboxyl radical ts muportaunt because 
al] compounds possessing it are organic acids. 
The hydrogen of the carboxyl is “loosely 
connected,” and this hydrogen dissociates 
as hydrogen ion (H+) when an organic acid 
is dissolved in water. Thus organic acids 
may be specified by the general formula 
R—COOH, where the R stands for the body 
of the molecule, which varies in different 
compounds. The dissociation of an organic 
acid may be written: 


-R-COOH =@R-COO- + Ht 
organic organic hydrogen 
acid anion ion 


In the fatty acids, the “body” (R) of the 
molecule represents a straight carbon chain 
in which most if not all of the available com- 
bining points are occupied by hydrogen. For 
example, the specific formula ol palmitic 
acid (from coconut oil) is CH;(CH»)y4- 
COOH. Most natural fatty acids possess 
rather “long chain” molecules, although a 
few, such as acetic acid (CH;-COOH), are 
much simpler. Moreover, al] naturally occur- 
ring fatty acids are constituted by an even 
number of carbon atoms (see above), since 
the metabohc build-up and breakdown ol 
these molecules involves the adding or sub- 
tracting of 2-carbon pieces to the carbon 
chains of the molecular skeletons (Fig. 8-5). 

Piant and animal cells can synthesize fat 
by triple dehydration synthesis, provided 
glycerol and fatty acids are present in the 
protoplasm, as is shown in Figure 4-11. 

When a cell uses fat as fuel, it first hydro- 
lyzes the fat into glycerol and fatty acids, and 
then gradually oxidizes the products. Since 
C, H, and O are the only constituents of a 
fatty acid, the only end products formed 
when a fatty acid is oxidized completely are 
CO, and H,O. Disregarding the complex 
intermediary stages, the total oxidation of a 
fatty acid may be written: 


CisH3gO2 + 2602 


T mol 26 mol 
steoric acid oxygen 


stepwise 
' oxidation 


(see Fig. 8-5) 


18CO, + 18H»O + energy 


18 mol 18 mol opprox. 
carbon water 9 Col 
dioxide perg 


PHOSPHOLIPIDS AND STEROIDS. The chemical 
complexity of phospholipids and steroids 
precludes an adequate brie! description. One 
very common phospholipid is lecithin, a fat- 
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like compound obtainable in good quantity 
from egg yolk. Lecithin 1s probably a struc- 


. | tural component in all cells. The molecular 
H,C— OF H.O—C—R structure of lecithin resembles that of a fat, 
except that one of the three fatty acids is re- 
7 placed by phosphoric acid in combination 

HC On H ere with choline (an organic base). 
The most familiar steroid substance 1s 
O cholesterol (C.;H,,0H), a normal compo- 
| nent of bile; several hormones, including 
H,C-— OH H O—C—R° the sex hormones (p. 000), likewise belong 
glycerol fatty acids to the steroid group. Cholesterol and the 
1 mol 3 mol other steroids are constituted entirely of C, 
H, and QO; but the “carbon skeleton” of a 
+ 3HOH -3HOH steroid 1s a complex of several interlinked 
synthesis Chydralvers rings, as Is shown in Figure 4-12. Steroids 
icenyerauo and phospholipids are probably represented 
O in all protoplasm, as essential components 


l oo 
H,C—O—C—R' : 


of the intrinsic membrane systems. 
Proteins. Proteins are all-important struc- 
tural components in every cell. Each of the 


O. genes represents a wniquely distinctive DNA- 

Be ge eee protein complex, without which the cell loses 
virtually all powers of growth and replica- 

tion (Chap. 27). Nor can growth occur in 

q the absence of the RNA-protein components 
H,C—O—C—R°® of the protoplasm (p. 134). Likewise enzymes, 
; fot by means of which the cell carries on its 
I-mol other metabolic activities (Chap. 5), always 


Fig. 4-11. Build-up ond breakdown of fot as it occurs 
in cells generally. 





possess an essential protein component; and 
proteins are always represented in the struc- 
ture of the plasma membrane and other in- 
trinsic membranes of the cell. In short, pro- 


CH, H 
H, H ae CH, 
c u C——— C-CH,—CH,—CH,— CH 
Hecate ee CH, | CH, 
H, on | Hf 
C C C= He 
Hea “ee ae H 
H, H 
Fig. 4-12. Molecular structure of cholesterol, a steroid compound. Cholesterol is 


present in most, if not oll, cells. Also a number of hormones (Chap. 22)—such as the 
male and female ‘sex hormones” (testosterone and “estrogen’”’), the “pregnancy hormone” 
(progesterone), and the adrenocortical hormones (cortisone, etc.)—are steroids, which 
have a similar, though not identical structure. 
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teins play an absolutely essential role in 
determining both structure and activity in 
every cell: 

Chenncally, protems are the most comphz- 
cated 6! all The molecules— 
even im such relatively simple proteims as 
are huge, con- 
sisting of thousands of atoms. The constitu- 


substances. 


elatin and ege albumen 
ct ae 





ent atoms of natural protems always melude 
carbon, hydrogen, oxygen, mitrogen, and sul- 
fur. Moreover, proteins can chemically unite 
Withe-any or allot the various acidic and 
basic components of the protoplasm (p. 7+), 
and consequently all the various ions listed 
in Table 4-+ can be found in afhliation with 
any protem molecule. 

Anuino Acips. Protemn chemistry was greatly 
snnplihed when it was discovered that each 
large protemn molecule represents a chain of 
simpler units—the amino acids. The amino 
weids ure liberated as. sepatare arelecileés 
when a protein is completely broken down 
by hydrolysis. This can be achieved by boil- 
ing a protein preparation for several hours 
in strongly acid medium. When the protein 
iS Lilly slaxciyoisved.< it vwelds: 25) ditherent 
amino acids in varying amounts, according 
to the specific composigen of die initial 
protei. 

The amino acids aré*relatively smal! mole- 
enles; Ninos. “nis be <clesrencted) by 
a single general formula, R—CH(NH.)- 
COOH. In expanded form, this may be 
written as shown at top of next column. 





The body of an amino acid molecule, des- 
ignated by Zt, is different for each different 


H—-C——-NH» 


C—OH 
! 
oO 


amino acid (Fig. 4-13); but the head is al- 
most always the same. This head displays 
two important radicals: (1) the carboxy] 
(—COOH), which determines the acidic 
properties of the amino acid, and (2) the 
amino radical (—NH.), which accounts for 
the basic behavior of the amino acid (see 
below). 

The three simplest of the twenty-five dif- 
ferent amino acids are shown in Figure 4-13. 


In glycine, Ro represents simply —H; in 
alaniie, ie =F. and, i cysteine, i= 
(Gi rl. 


The acidic behavior of the carboxyl radi- 
cal is the same in an ammo ucid as in other 
organic acids (Fig. J-t4). But the basic be- 
havior of the amino (—NHb.) group requires 
lurther explanation. Amino compounds act 
as bases, not by liberating hydroxyl ions in a 
solution, but by removing livdrogen (H+) 
ions from the solution, as may be scen in Fig- 
ure 4-]4. 

The degree to which an conino acid acts 
as a base or acid depends upon the acidity or 
alkalinity of the solution in which it is dis- 
solved. In acid solugons, the amino radicals 
tend to neutralive the ucidity by accepting 
hydrogen ions. But in basic solutions, the 


SH 
H CH: i 
ent eae ele 
tooH eGo eeoH 
glycine alanine cysteine 


Fig. 4-13. 


Three amino acids. 
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H— C—NH, 
| 
COOH 
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i 

H—C—NH; + CI~ 
| 
COOH 


basic behavior 


Fig. 4-14. Amina acids (and prateins) are amphoteric. 
Each may dissaciate either as an acid ar as a base, 
successively ar simultaneausly. 


carboxyl radical tends to neutralize the ex- 
cess of hydroxyl ions, by liberating hydrogen 
ions. This dual action is called an ampho- 
teric behavior, and the amino acids and pro- 
teins are spoken of as amphoteric compounds, 
or ampholytes. Moreover, proteins and amino 
acids are said to exert a buffer action, since 
they tend to stabilize the reaction of a solu- 
tion, preventing it from shifting very much 
in either an acid or a basic direction, when 
acids or bases are added to the solution. 

All the amino acids derived by the hydrol- 
ysis of natural proteins are crystalline solids 
that dissolve very freely 1n water. Amino 


acid molecules are all relatively small, and 
all can enter the cell through the boundary 
membranes, albeit rather slowly. 

PEPTIDE BONDING 1N RELATION TO PROTEIN 
STRUCTURE. Given a full assortment of amino 
acids, a cell can synthesize all of its protein 
components. Protein synthesis, essentially, ts 
a multiple dehydration synthesis. ‘The amino 
acids become linked into an exceedingly 
elongate chain, as 1s indicated in Figures 
4-15 and 4-16. The principal linkages in 
such a chain are bonds that extend from 
the carbon atom of the carboxyl group of 
one amino acid to the nitrogen atom of the 
amino group of the next amino acid (Fig. 
4-15). This type of linkage is called a peptide 
bond, and the elongate skeleton of the pro- 
tein molecule, which may be more than a 
thousand units in length, is referred to as a 
peptide cham. 

SPECIFICITY OF PROTEINS. A full comple- 
ment of the various amino acids is present 
in most proteins, but the proportion and 
serial arrangement of the amino acids varies 
widely. And since each different arrangement 
represents a different protein substance (Fig. 
4-16), it follows that an almost infinite va- 
riety of proteins can exist. Just as an almost 
infinite variety of words can be formed from 
the 26 letters of our alphabet. so a large 
number of specifically different proteins can 
be synthesized from the 25 kinds of amino 
acids. 

The proteins of each different kind of cell 
—its genes, enzymes, ribosomal and mem- 
brane proteins, etc.—appear to be uniquely 
and individually self-characteristic. Similar 
proteins may fulfill similar functions in dif- 
ferent cells, but perfect identity is probably 
never found. For example, the hormone insu- 
fin, which is a relatively simple protein, con- 
tains almost but not quite the same comple- 
ment and arrangement of amino acids in the 
three different animals (beef cattle, swine, and 
horse) for which a detailed analysis has been 
accomplished (Fig. 4-16). Furthermore, it is 
known that a small change, involving just a 
single protein of a cell, may induce a large 
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Fig. 4-15. Construction of a tetrapeptide chain from four separate amino acids. Note that the formation of 
each peptide band involves the splitting off of a water molecule. Consequently the synthesis is a dehydration 
synthesis. In a protein molecule the peptide chain is much longer, often consisting of more than a thousand 
amino acid units. 


change in that cell. In the case of sickle cell The problem of cell replication hinges, in 
anemia, the red protein pigment, hemo- large measure, upon the mechanisms of pro- 
globin, present in the erythrocytes (p. 289), tein replication. How does the cell transmit 
differs from the normal by just one amino — the code that determines precisely the proper 
acid in the peptide chain. Nevertheless, the amino acids and how they become bonded 
sickle-shaped red cells of an individual suffer- together in precisely the right order and ar- 
ing from this rare hereditary defect are rangement, when protein synthesis takes 
grossly abnormal as to both form and func- place? This problem involves an analysis of 
trom, (p.. 907). the DNA components of the nucleus and of 
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Fig. 4-16. Sequence and arrangement of amino acids in a molecule of insulin (beef), a protein hormone. 
Horse insulin and pig insulin resemble beef insulin, but there are slight differences in the amino acid sequence. 
The amino acid structure of a protein molecule may be ascertained by hydrolyzing (digesting) the protein with 
different enzymes (see Table 5-1, digestive enzymes) and identifying the liberated amino acids by paper 
chromatography (Fig. 9-5), and by other means. (Amino acids designated: Ala, alanine; Arg, arginine; Asp, 
aspartic acid; Cyst, cysteine; Glu, glutamic acid; Gly, glycine; His, histidine; lleu, isoleucine; Leu, leuchine; Lys, 
lysine; Phe, phenylalanine; Pro, proline; Ser, serine; Thr, threonine; Tyr, tyrosine; Val, valine.) 
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the RNA components of the cytoplasm, as 
will be considered in Chapters 7 and 27. 
"THREE-DIMENSIONAL CONFIGURATION OF 
PROTEIN NIOLECULES: PRIMARY, SECONDARY, 
AND TERTIARY STRUCTURE. The primary struc- 
ture of a protein molecule is constituted by 
one or more peptide chains. Within each 
chain the amino «cid units are held together 
by peptide linkages; the peptide chains, if 





Fig. 4-17. Helical configuration of a protein mole- 
cule. Three types of bonds determine the primory, sec- 
ondory, and tertiary aspects of protein structure: (1) 
strong bonds (peptide ond disulfide), which determine 
primory structure; (2) weoker hydrogen bonds, which 
determine secondary structure; (3) very weak forces 
(e.g., electrostatic), which effect the tertiory structure. 
Each brood part, along the length of the spirol, repre- 
sents one amino acid. 


more than one is present, are united by one 
or more disulfide (—S—S—) bridges, as in 
the insulin molecule (Fig. 4-16). These chem- 
ical bonds, namely peptide and disulfide, 
are relatively stable. Collectively they de- 
termine what is called the primary structure 
of a protein molecule (Fig. 4-17). 

Peptide chains are not straight, however. 
Rather, they display a coiled, or helical struc- 
ture (Fig. 4-17). Usually each complete coil 
of the helix is constituted by about four 
amino acids, and the distance pre-empted by 
one coil, along the central axis of the helix, 


is about 1.5 Angstroms. However, the tight- 
ness of coiling and consequently the total 
length of a protein molecule may vary con- 
siderably, depending upon temperature, pH. 
and other factors. An unfolded, or extended, 
protein molecule may be several times longer 
than the same molecule in the folded, or 
tightly coiled, form. 

The forces and factors that influence the 
helical structure of a protein molecule, espe- 
cially the degree of its folding and unfolding, 
collectively determine what is called the 
secondary and tertiary structure of the pro- 
tein (Fig. 4-17). 

Hydrogen bonds are particularly impor- 
tant in relation to secondary structure. Hy- 
drogen bonds are relatively weak linkages 
that result from the tendency of hydrogen to 
share elections with two neighboring atoms, 
especially O and N, when these atoms are 
situated very close together (Fig. 4-17). A 
fully folded protein molecule appears to 
display one hydrogen bond between every 
third amino acid in the coiled peptide chain. 
Collectively, the many hydrogen bonds, al- 
though weak individually, exert consider- 
able force in stabilizing the helical struc- 
ture. Still weaker forces, such as electrostatic 
attractions between oppositely 1onized molec- 
ular foci (Fig. 4-17), are regarded as the de- 
terminants of tertiary structure m proteins 
and other macromolecular configurations. 

The three-dimensional configuration of 
proteins and other macromolecular com- 
ponents of the protoplasm has great influ- 
ence upon their physiological activity. For 
example, enzymes are mainly of protein com- 
position (Chap. 5) and each displays a con- 
figuration that must fit the molecular form 
of the substrate molecules that are being ac- 
tivated (p. 105). Moreover, the folding of 
elongate, partially unfolded protein mole- 
cules may explain the property of contrac- 
tility, which ts exhibited by protoplasm gen- 
erally (Fig. 4-23). However, in the completely 
unfolded state, such as 1s induced by alonor- 
mally high temperature, exceptionally high 
or low pH conditions, or other drastic 
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Fig. 4-18. 


Adenosine monophosphate, a typicol nucleotide. A voriety of nucleotide units, chemicolly linked in 


varying sequence into long chainlike macromolecules, determines the structure of the nucleic acids (Fig. 4-20). 


changes, the proteins of the cell become tn- 
active or, in other words, they become de- 
natured. 

SIMPLE Vs. CONJUGATED PROTEINS. Proteins 
that yield only amino acids upon complete 
hydrolysis are designated as simple proteins. 
But il other substances are also liberated. one 
is dealing with a conjugated protein. Glucose, 
lor example, can be derived from the glyco- 
proteins; lipid, from the lpoproteins; or 
nucleic acid, lrom the nucleoproteins. 

Nucleoproteins. By lar the most important 
of the conjugated proteins are the nucleo- 
protems—not only the DNA proteins, or 
genic materials, which generally remain in- 
side the nucleus, but also the RNA proteins, 
which carry on many ol their lunctions in 
the cytoplasm. Essentially each nutcleopro- 
tein represents a gigantic macromolecule 
formed by a union between a specific protein 
and nucleic acid. 

The nucleic acids also are very long- 
chained molecules. The chain of a nucleic 
acid, however, is constituted by a sequence 
of complex umits, called nucleotides (Figs. 
4-18, 4-19, and 4-20). Each nucleotide, in 
turn, is formed by chemical union between 
three constituents, namely: (1) phosphoric 
acid; (2) a pentose sugar; and (3) an organic 


base. There are, however, two general and 
five specific kinds of organic bases, as may be 
seen in Figure 4-19: Vhe pentose <stugur re- 
peatedly represented in deoxyribonucleic 
acid (DNA) ts always deoxyribose (Fig. 4-8); 
whereas that of ribonucleic acid (RNA) Is 
always ribose 





as Is suggested, of course, by 
the names. 

A very large number of specifically differ- 
ent nucleic acids is present in any cell. Each 
time the nucleotides are combined in ditter- 
ent sequence and proportion, the properties 
of the resulting molecule are changed. In 
DNA. lor-example, tre four different lbases 
(adenine, cytosine, guanine, and thymine) 
may occur in many diflerent sequences, us is 
Indicated in 4-20. Nloreover, the 
sugar-phosphate skeleton of a DNA is usu- 
aly several thousand units in length. This 
means that an almost mnfinite variety of such 
macromolecules can be lormed. 


Figure 


[It is not possible to overemphasize the 
importance of DNA substances in the life of 
the organism. Between each cell division, 
eich DNA wit réplicites, rtsell inevery jbre- 
cise manner. Moreover, as will be seen in 
Chapter 7, each unit ol DNA carries a set of 
coded instructions und this code, transmitted 


through the agency of RNA, serves to de- 
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Three organic bases, represented in both DNA and RNA. 
Note how structure of the purines (adenine and guanine) 
differs from that of the pyrimidines (e.g. cytosine). 


thymine 
(in DNA only) 


Two pyrimidine bases 


Fig. 4-19. 


uracil 
(in RNA only) 


Organic bases {purines and pyrimidines) are impartont constituents of the various nucleotides 


(Fig. 4-18). The nucleotides, in turn, pravide building units that go into the mocromolecular structure (Fig. 4-20) 


of the nucleic acids (DNA and RNA). 


termine the structure and activity of all pro- 
tein components (including enzymes) in the 
cell. 

Other Protoplosmic Components. In addition 
to the proteins, carbohydrates, lipids, and 
other previously mentioned substances, pro- 
toplasm always contains smaller amounts of 
other, usually simpler, organic compounds. 
This miscellaneous group of compounds in- 
cludes: (1) various organic wastes, such as 
urea (p. 342); (2) metabolic energy transmit- 
ters, such as ATP (Fig. 4-21); (3) hormones, 
such as adrenalin (p. 406); and (4) vitamins, 
such as thiamine (p. 346). Many of these 
miscellaneous substances are of great physio- 
logical significance, as will be explained in 
later chapters. 

Summary of Chemical Composition. All 
living cells are composed of water, inorganic 


salts, proteins (including DNA and RNA 
nucleoproteins), carbohydrates, and Itpids, 
together with smaller amounts of other sub- 
stances. The average amounts of these com- 
pounds are shown in ‘Fable 4-7, although cer- 
tain cells may vary considerably from the 
average. 


Table 4-7—Average Compasitian of 


Protoplasm 
Percent 
Kinds of Substances by Weight 
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Fig. 4-20. Molecular structure of a single strand of 
nucleic acid (DNA). Black circles = sugar (deoxyri- 
bose); white circles — phosphate; A, adenine; C, cyto- 
sine; G, guanine; and T, thymine (Fig. 4-19). The chain, 
when broken up, yields either nucleotides (phosphate- 
sugar-base units) or nucleosides (slightly smaller sugar- 
base units, devoid of phosphate). 


In the living cel] the various compounds 
may be united into larger complexes: pro- 
teins with salts, carbohydrates, and lipids; 
steroids with other lhpids; carbohydrates 
with inorganic salts, etc. Water associates 
with virtually all compounds dissolved in it; 
and in the case of such supermolecular aggre- 
gates it is not possible to distinguish clearly 
between chemical and physical combinations. 
Such linkages tend to be disrupted by the 


NH, 
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Meee pease 
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very methods usually employed to extract 
the protoplasmic substances from the cell, 
and much still remains to be learned about 
the chemistry of protoplasm. However, our 
present knowledge makes tt plain that the 
complexity of the composition of protoplasm 
is sufficiently great to account for the amaz- 
ingly intricate behavior of living cells. 


PHYSICAL STRUCTURE OF PROTOPLASM 


Protoplasm is not just a mixture of chemi- 
cal components; if such were the case, one 
should be able to create a living cell by 
merely adding the proper ingredients to a 
test tube. This, however, would be like ex- 
pecting an accurately timed watch to emerge 
from a randomly piled assortment of cog- 
wheels, screws, springs, etc. Obviously the 
creation of any functioning mechanism de- 
pends not only upon the materials of which 
it is composed, but also upon how these ma- 
terials are formed and fitted into a func- 
tional relationship. 

In the last analysis, protoplasm, like other 
matter, is particulate, that is, composed of 
particles. In protoplasm. however, the par- 
ticles display a tremendous variability ol 
size and shape: from single molecules and 
ions, large and small, to various molecular 
ageregates, visible and subvisible. The size 
and shape of these particles greatly influence 
their behavior; and consequently it 1s neces- 
sary to study the cimensions very carefully. 


mH Pee 
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Fig. 4-21. Adenosine triphosphate (ATP). This energy-rich compound is certainly the most important meta- 
bolic energy transmitter in the cell. It can quickly transmit energy to a wide variety af cellular activities (as ex- 
plained in Chapter 8). Note the special symbol (~). Th’s denates the two high-energy bonds, which transmil 
all of the energy (p. 143). 
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Coarse, Colloidal, and Crystalloidal Di- 
mensions. Anything that is visible, either 
with the naked eye or with a compound 
microscope, is designated as coarse; and above 
this borderline of visibility, vast space exists 
to accommodate the familiar objects of our 
universe. But even below this borderline, 
there is ample room for great variability in 
the size of submicroscopic particles. 

Particles that are too small to be resolved 
by any type of light-focusing microscope are 
subdivided into two categories: all larger 
particles—like protein and _ polysaccharide 
molecules—fall into the colloidal size range; 
and all smaller molecules—like water, 
salts, and monosaccharides—lie in the 
crystalloidal range. No real line divides col- 
loidal from crystalloidal particles, and the 
various particles of protoplasm are finely 
and continuously intergraded in size. Arbi- 
trarily, however, a line is set at ] millimicron 
(mz), which is equivalent to 10 Angstrom 
units (Fig. 2-6), or 0.001 micron. Accord- 
ingly, particles having diameters extending 
from 100 millimicrons (the limit of resolu- 
tion of an ordinary compound microscope) 
down to 1 millimicron are said to be col- 
loidal; whereas particles with diameters of 
less than ] millimicron are designated as 
crystalloidal. 

On a practical basis, the appearance of a 
fluid indicates whether it is a colloidal or 
crystalloidal system. If the dispersed particles 
of a fluid are very small, that is, of crystalloid 
dimensions, the fluid as a whole is clear and 
transparent—like a sugar or salt solution. 
The dispersed molecules or ions of such a 
solution are not large enough to interfere 
with the light as it passes through. But if a 
fluid contains particles that are large enough 
to fall in the colloid range, the system has a 
cloudy or translucent appearance—like a 
starch or albumin solution. In this case the 
dispersed particles (large organic molecules) 
are not large enough to block the passage of 
light waves completely, but they are large 
enough to scatter, or diffract, the light. Fi- 
nally, a coarse system—like milk—appears 


opaque. In this case, the dispersed globules 
of butter fat are aggregated masses of mole- 
cules, and such particles are large enough to 
reflect light. Consequently, when milk is ex- 
amined with a microscope, the coarse dis- 
persed particles are individually visible. 

Although colloidal particles are not large 
enough to be seen with a standard micro- 
scope, most of them can be resolved by the 
electron microscope and many can be de- 
tected by means of the darkfield microscope 
(Fig. 2-10). The latter instrument resembles 
an ordinary microscope, except that it re- 
quires a more intense beam of light; and this 
beam is passed horizontally, rather than ver- 
tically, through the material under examina- 
tion. Under the darkfield, or ultramicro- 
scope, the colloidal particles of the proto- 
plasm appear as a myriad of bright specks 
zigzagging in random directions against a 
black and empty background. Each particle 
may not be large enough to reflect a definite 
pattern of light; but the particles are sufh- 
ciently large to scatter some of the light 
vertically toward the ocular. Thus the ultra- 
microscope shows very little as regards the 
precise color, shape, or size of colloidal par- 
ticles. It merely permits these particles to be 
identified and enumerated, and it reveals the 
nature of their movements. 

Another practical method of distinguishing 
between colloid and crystalloid particles is 
to test their capacity to penetrate a mem- 
brane such as cellophane or parchment. The 
pores or channels through a cellophane mem- 
brane appear to be just small enough to pre- 
vent the passage of colloid particles, but these 
pores are large enough to permit crystalloidal 
particles to pass through. Thus if a closed cel- 
lophane bag, filled with an aqueous solution 
containing glucose and starch, is immersed 
in water, after a short time glucose—but not 
starch, will begin to escape from the bag into 
the surrounding water. Such permeability 
considerations are very important in deter- 
miuing the exchange of substances between 
cells and their surrounding media. Generally 
speaking, colloidal particles are not able to 
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penetrate the plasma membrane, and crys- 
talloidal particles may or may not penetrate, 
depending upon a variety of other factors 
(Chap. 6). 

Size and the Motility of Particles: Brown- 
ian Movement. The absorption of heat by 
any km of matter accelerates and intenst- 
fies the random movements of the component 
molecules, tons, and other particles. In fluid 
bodies like protoplasm, these thermal move- 
ments tend to scatter the particles evenly 
throughout the system. But the speed at 
which each particle moves, impelled by ther- 
mal energy at a given temperature, is gov- 
erned largely by its size. When the diameter 
is doubled, the rate of movement is quar- 
tered. In other words, the rate of thermal 
movement ol a particle 1s inversely propor- 
tional to the square of its diameter. Accord- 
ingly the random movement of colloidal par- 
ticles, such as protein molecules, is verv small 
compared to the movement of crystallotd 
particles, such as morganic molecules and 
ions. The actual motion of the colloidal par- 
ticles as seen in the witramicroscope, and the 
movement of small microscopically visible 
particles such as bacteria and starch grains 
are not directly due to the thermal energy of 
these relatively large particles. Instead, they 
represent a phenomenon called Brownian 
movement. Brownian movement is exhibited 
by al] small microscopic bodies as well as by 
ultramicroscopic particles generally. It arises 
from the bombardment of the larger particles 
by the surrounding multitude of smaller par- 
ticles. In the protoplasm, the smaller par- 
ticles responsible for dus bombardment are 
chiefy water molecules. The bombardment 
is unequal from moment to moment, being 
heavier first on one side and then on another. 
Accordingly, the displacement of particles 
by Brownian movement is very rrregular and 
unpredictable. 

Solutions; Molecular Polarity. In an ideal 
solution, all the molecules or ions of the 
solute become individually separated and 
evenly dispersed throughout the dispersion 
medium, which is called the solvent. In ac- 


tual solutions, however, the situation 1s com- 
plicated by the fact that the solute molecules 
or tons become assoctated with the molecules 
of the solvent; and the effective size of the 
dispersed particles im a solution tends to be 
greater than expectations based on the molec- 
ular and tonic volumes of the dissolved sub- 
stances. Accordingly, in protoplasm and other 
aqueous solutions, the solute particles are 
associated with a greater or lesser number of 
water molecules; or im other words, each 
solute particle is said to be hydrated. 

The forces that attract water to the mole- 
cules or ions of the solute are mainly elec- 
(rica, itn molecnies, the electrical 
charges (protons and electrons) do not have 
a symmetrical placement in the molecule as 
a wWheles In the «ase of avater, Tor -exaniple, 
the whole molecule is an uncharged body, 
but the negative charges are more concen- 
trated toward one end, and the positive 
charges toward the other. This endows water 
molecules with an electrical polarity, and in 
fact, water 1s designated as a moderately 
potar compound. Water is attracted to other 
molecules and tons in a solution with greater 
or lesser force, depending upon whether these 
other particles are strongly or weakly polar 
in their electrical configuration. Generally 
speaking, water, salts, proteins, and simple 
carbohydrates are distinctly polar, whereas 
lats and polysaccharides are relatively non- 
potar compounds. 

Among the components of protoplasm, 
those that dissolve in water include: most 
Inorganic substances; sugars, amino acids, 
and other simple organic compounds; many 
proteins; and to a slight extent, the phos- 
pholipids and polysaccharides. Other lipids 
are vircually imsoluble in water, although 
they dissolve mutually in each other. The 
water-soluble components in the protoplasm 
are all hydrated to a greater or lesser degree, 
and the salts, amino acids, proteins, and 
phospholipids are also more or less strongly 
ionized. These considerations have great im- 
portance in determiming chemical and physt- 
cal activities tn the cell. 


many 
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Suspensions and Emulsions. In a suspen- 
sion or emulsion, the scattered particles con- 
sist not of single molecules, but of molecular 
aggregates of the dispersed substance. In a 
suspension the dispersed particles are con- 
sidered to be solid; in an emulsion they are 
liquid; but in practice this clistinction tends 
to be quite arbitrary. When the dispersed 
particles are very small, as in colloidal sus- 
pensions and emulsions, it is clifficult to deter- 
mine whether the inclividual particles are in 
a solid or a liquid state. 

‘The size of the dispersed particles in dif- 
ferent emulsions and suspensions ranges 
from colloidal to microscopic dimensions. In 
lact, colloidal suspensions and emulsions are 
sometimes so finely subdivided that they 
scarcely can be distinguished from colloidal 
solutions. Moreover, substances emulsified 
or suspended in water may even be hydrated 
and iomized, just as in true solutions. 

Diphasic and Multiphasic Dispersions. In 
a true solution it is customary to regard the 
intermingled molecules and ions of the solute 
and solvent as all belonging to the same 
phase of the system. But in suspenstons and 
emulsions it is necessary to clistinguish be- 
tween the discontinuous and the continuous 
phases. The discontinuous phase consists of 
all the larger dispersed particles or droplets, 
taken collectively; whereas the continuous 
phase is constituted by the dispersion me- 
dium itself, considered as a homogeneous 
mass. Milk, for example, is an emulsion in 
which the discontinuous phase is comprised 
by the microscopically visible globules of 
butter fat; these globules float m the con- 
tinuous phase, which is an aqueous solu- 
tion containing milk sugar, various inorganic 
salts, and proteins. 

A complex system such as protoplasm dis- 
plays more than one discontinuous phase, 
each represented by a different kind of dis- 
persed particle or droplet. Also in proto- 
plasm one may find more than one continu- 
ous phase (see gel structure, below). 

Emulsifying Agents; Adsorption. If olive 
oil and water are shaken together in a test 


tube, an unstable emulsion is formed that 
begins to break down as soon as the shaking 
is stopped. The agitation scatters a multitude 
of oil droplets throughout the water, but 
when the shaking ceases, these droplets be- 
gin to coalesce into larger and larger drops, 
and finally all the oil comes together as a 
separate layer, which floats on top of the 
water. Il, however, a trace of soluble protein, 
or a small amount of soap solution, is added 
before shaking, a stable emulsion is obtained, 
and such an emulsion keeps its structure 
more or less indefinitely. 

The foregoing example indicates that pro- 
tein (or soup) can act as an emulsifying 
agent. In the stable emulsion most of the 
added protein accumulates at the surlaces of 
contact between the two phases, that is, at the 
interfaces between the oil droplets and the 
water. Such an accumulation coats each drop- 
let with a protective film that prevents it 
from coalescing with other droplets. The 
tendency for certain dissolved substances to 
become concentrated at the interfaces of an 
emulsion or suspension is called adsorption. 
Many colloidal substances, particularly pro- 
teins and phospholipids, tend to be adsorbed 
heavily at the various protoplasmic inter- 
faces. ‘This stabilizes the finely emulsified 
droplets and celicately suspended particles 
that are so characteristic of living matter. 

Phase Reversal. An emulsion such as is 
formed by shaking oil with water may take 
either of two stable forms: that of an oil-in- 
water emulsion (Fig. 4-22A), or that of a 
water-in-oil emulsion (Fig. 4-22C). The in- 
termediate form (Fig. 4-22B) is unstable. It 
tends to pass into either of the two stable 
forms; or it tends to “break” the emulsion 
structure, with a complete separation of the 
phases. These differences in the form of an 
emulsion depend chiefly upon the chemical 
nature of the emulsifying agent. Any chemi- 
cal change affecting the constitution of the 
emulsifying agent may therelore affect the 
stability of the emulsion and the relation of 
its phases. Without doubt, some of the 
changes in the appearance and consistency 
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Fig. 4-22, 
make it darker. The chonges in form of an emulsion ore brought obout by the addition of small amaunts of a 
substance that changes the chemical constitution of the emulsifying agent. A, water the continuous phose, oil 
the discontinuous (dispersed) phase. B, intermediate form, the emulsion “‘breoking”; this stote is very unstable, 
the two phoses being in continuol rapid motion and rearrangement. C, oil the continuous phase, water the dis- 
persed phase. 


of the protoplasm are due to such phase re- 
versals, which result from chemical changes 
wrought by the metabolism of the cell, or 
from chemical changes in the nearby envi- 
ronment. 

Gelation and Solation. Protoplasm fre- 
quently alters its consistency by undergoing 
gelation or solation. Like a gelatin solution, 
the fluid protoplasm of a cell may become 
set at a certain moment into a semisolid 
elastic mass; and then later it may revert to 
a more fluid consistency. Recently the func- 
tion of these changes has become clearer. 
The evidence indicates that the contractility 
of protoplasm depends upon its capacity to 
undergo gelation; and that many cell move- 
ments, such as amoeboid movement, cannot 
occur if the sol-gel changes in the protoplasm 
are inhibited. 





B. TRANSITIONAL 
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Emulsion formed from olive oil and water, as seen with the microscope; the oil contains a dye to 


The capacity to gelate is found in many 
colloidal systems, especially when the dis- 
persed particles are elongate, like protein or 
polysaccharide molecules. In the so] condi- 
tion such elongate particles behave more or 
less as separate units (Figs. 423A). But as 
gelation occurs, attractive forces come into 
play between the colloid particles, so that the 
dispersed particles of the system become in- 
terlinked, forming a colloidal network that 
extends throughout the gel (Fig. 4-23B). 
The water and other crystalloidal compo- 
nents are enmeshed by the gel framework 
and consequently the whole mass develops 
rigidity, elasticity, and contractility—prop- 
erties that ordinarily are found onlv in solid 
systems. 

The precise manner in which the elongate 
particles of a sol become linked together to 


Fig. 4-23. Ultramicroscopic structure 
of o sol and o gel (diagrammatic). A, 
a sol, in which the elangate colloidal 
molecules or particles are folded ond 
separate. B, same system after gelation 
hos occurred, in which the elongate 
particles are unfolded and interlinked, 
forming a colloidol network. Gels tend 
to be elastic and contractile. The zig- 
zog lines represent elongate colloidal 
particles (e.g., protein molecules); the 
dots represent water and other crystal- 
loidal molecules. 
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form the colloidal framework of a gel is not 
very clearly understood. The strength and 
number of the interconnections, and conse- 
quently the firmness of the resulting gel are 
sensitive to many factors. Some of these fac- 
tors are chemical, such as changes in the 
concentration of hydrogen ions and other 
substances in the solution; and some are 
physical, such as changes in temperature. 
Apparently gelation in protoplasm is under 
the control of metabolism, which continually 
alters local conditions in various parts of the 
cell. All protoplasmic gels that have been 
studied behave oppositely to gelatin, at least 
insofar as temperature is concerned. Instead 
of undergoing solation as the temperature is 
raised, protoplasm undergoes gelation. Such 
behavior is also exhibited by gels composed 
of actomyosin, the main protein present in 
muscle tissue. In any event, once a gel frame- 
work has been assembled in the protoplasm, 
contractility can develop as a result of the 
folding of the interlinked molecules or other 
particles, and such folding processes are par- 
ticularly characteristic of actomyosin and 
other elongate protein complexes. 

Protoplasmic Surfaces. It is important to 
realize that a colloidal system such as proto- 
plasm possesses a tremendous expanse of sur- 
face area. Each colloidal particle, globule, 
membrane, or fiber exposes a large propor- 
tion of free surface at which some one (or 
more) metabolic reaction may be catalyzed, or 
speeded up (p. 101). In fact, most metabolic 
reactions can scarcely proceed at all in the 
absence of such catalytic surfaces. Conse- 
quently the extent of the protoplasmic sur- 
faces, and the fact that their pattern may be 
changed from moment to moment play a 
very important role in determining metabolic 
activity in the cell. 

The stupendous surface of the protoplas- 
mic system can best be visualized by thinking 
of a small cube, measuring perhaps | centi- 
meter per edge, that is being cut progressively 
into smaller and smaller cubes. Initially the 
total surface is, of course, only 6 square centi- 
meters; but as the pieces become smaller and 


smaller, the free surface increases tremen- 
dously. Indeed, if finally the pieces measure 
only 0.01 micron per edge, which is about 
average as a colloidal dimension, the total 
surface of the subdivided mass would be 
more than 6 million square centimeters. In 
other words, if we visualize all the free sur- 
faces in a cell—the surfaces of the micro- 
somes, mitochondria, canaliculae, chloro- 
plasts, grana, vacuoles, protein fibers, emul- 
sion globules, and so forth—we begin to 
realize that the protoplasmic surfaces are 
extremely extensive, complex, and adaptable. 


SUMMARY 


Protoplasm represents a very complicated 
polyphasic dispersion in which each phase 
displays a complex composition. Simultane- 
ously, protoplasm is a crystalloidal, colloidal, 
and coarse dispersion, partly solution, partly 
emulsion, and partly suspension. Sometimes 
protoplasm is in a gel state and sometimes it 
is a sol. 

The complex structure of living matter is 
not static; that is, protoplasm ceaselessly 
changes, and these changes underlie the vital 
activities of the cell. The lipoid phases may 
alternately undergo coalescence and separa- 
tion in a fashion that may or may not in- 
volve phase reversal. Ihe aqueous phases 
may remain homogeneous, as in the sol con- 
dition, or they may give rise to colloidal net- 
works, as when gelation occurs. Such changes 
continually demand an_ expenditure of 
energy, which is supplied by metabolism. 
When energy-liberating chemical reactions 
cease, the finer protoplasmic structure breaks 
down, becoming less complex, more stable— 
in other words, dead. 

But even as protoplasmic structure is de- 
pendent on metabolism, so metabolism is 
dependent on the living structure. The sepa- 
rate phases of the protoplasmic system con- 
stitute a series of microscopic and_ ultra- 
microscopic reaction foci. The separate films 
and surfaces at which a variety of the react- 
ing components may be adsorbed and con- 
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centrated limit, control, and regulate the 
metabolic reactions. Despite the size, each 
cell may be considered as a delicately organ- 
ved -chemieal. enoime. In the-cell a aeicle 
variety of reactions go on simultaneously and 
more or less independently. When this deli- 
cate organization breaks down, the chemical 
activity does not cease immediately. Rather 
the metabolism becomes disorganized, un- 
regulated, and purely destructive, leading to 
a decomposition of many of the essential 
protoplasmic compounds. 

Because protoplasmic structure and metab- 
olism are mutually imterdependent, a cell 
once dead cannot be “started up” again: the 
metibolism cannot be resumed in the absence 
of the living structure; and this structure 
cannot be restored without the metabolism. 
But the “death” ofarcell 1s notusually a very 
abrupt and tangible change. In fact the 
intergradations between disease, injury, and 
death are very subtle; but when the proto- 
plasmic structure has degenerated bevond 
restoration, the cell is dead, however difficult 
It may be to determine exactly when this 
point of degradation is reached. From a sci- 


entific standpoint, the death of a multicellu- 
lar individual, such as man, 1s still more 
indefinite. The many cells of the body do 
not all die at once. Some of the tissues may 
continue to live many hours after the man 
is “officially” dead. The usual verdict of 
death is given when the heartbeat and breath- 
ing stop, but these movements can sometimes 
be restored many minutes later. But without 
respiration and circulation, no oxygen 1s car- 
ried to the body cells; and in the absence of 
oxidative metabolism, the protoplasmic struc- 
ture gradually crumbles. Then sooner or 
later in each of the tissues the degradation 
becomes irreversible. 

Thus all living organisms originate from 
the protoplasm of other living organisms; 
and the “endless” chain of specific structure 
and metabolism goes on unbroken, except 
when a species becomes extinct. Of the ulti- 
mate origin of the protoplasmic system, we 
have very little direct knowledge. Presum- 
ably protoplasm was evolved very gradually, 
through the millions of vears of early geo- 
logical time, from much simpler structures 
anc processes (Chap. 10). 


TEST QUESTIONS 


]. Among the elements represented in cells gen- 
eral, whit then are 
a. never present im uncombined form 
b. present as, the free clement. as well as 
in combined torm 
c. present mn the merest traces 
d. exceptionally abundant 
CoS Uae nit 
i. -divatent 
mr. tetravalent 

2. In whit way piuche you /bexible to convince 
your younger brother that water (and all 
other forms of matter) 1s composed of sub- 
visibly small particles, or molecules? 

3. Specily at least six kinds of energy; what are 
the primary distinctions between matter and 
energy? 

4. Carefully define and exemplify each of the 
following terms: (a) molecules and atoms; 
(b) a substance und a mixture; (c) electrons 
and protons: (d) kinetic and potential energy. 


3. Explain how thesvalence ‘of an element as 
related to its atomic structure. 

6. Distinguish between electropositive. electro- 
negative, and inert utoms—giving an example 
iInveach. case: 

7. Discuss the physical properties of water in 
relation to the structural and functional char- 
acteristics of protoplasm. 

8. Distinguish between electrolytes (strong and 
weak) and nonelectrolytes: what is the gen- 
eral importance of electrolytes in the lile of 
a cell? 

9. Distinguish between the members of each 
group of terms: 

a. acid, basic, and neutral solutions 
b. an acid substance and an acid solution 

10. Explain a method by which the reaction 
(acidity or alkalinity) of the protoplasm of 
the nucleus and cytoplasm of certain cells 
has been measured. State the results of such 
experiments. 


13. 


Ii 
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What gases are usually present in proto- 
plasm? How do these gases enter the cells? 
Why are they important? 
Distinguish between organic and inorganic 
compounds of the basis of 

a. occurrence in nature 

b. chemical composition 

c. molecular dimensions 

d. capacity to dissociate 
Describe a simple test that can be used to 
differentiate between organic and morganic 
substances. Explain. 
Name flour different carbohydrate substances 
and specify how each is important In various 
cells. 
How are carbohydrates different from other 
organic substances? 
To what extent is glucose used as a proto- 
plasmic fuel? Explain, using the proper 
chemical equation. 
Each chemical reaction represents a trans- 
formation of matter that proceeds in ac- 
cordance with the law of the conservation of 
matter. Explain this statement using a specific 
reaction to exemplify the discussion. 
What is the essential difference between an 
exothermic and an endothermic reaction? 
To what extent is it possible, by inspecting 
an equation, to decide whether a reaction is 
exothermic or endothermic? 
Distinguish between: 

a. decomposition and synthesis 

b. dehydration syntheses and other syn- 

theses 

c. hydrolysis and other decompositions 
Specify the end products yielded by the com- 
plete hydrolysis of: 

a. starch (and cellulose) 
maltose 
sucrose 
a true fat 


o Go so 


any simple protein 

f. any conjugated protein 
Provide at least one specific example, in each 
case, of: 

a. monosaccharide sugars 

b. disaccharide sugars 

ce. fatty acids 

d. amino acids 
As to chemical structure, how are amino 
acids (a) similar to, and (b) different from 
fatty acids? 
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Explain the relation between: 

a. digestion and hydrolysis 

b. true fats and phospholipids 
As to the constituent atoms, how do proteins 
differ from carbohydrates and fats? 
All complete proteins liberate the same amino 
acids when fully hydrolyzed, and yet the pro- 
teins of different animals and plants are 
specifically distinctive. Explain. 
Show by formulas how an amino acid can 
behave: (a) as an acid, and (b) as a basic 
substance. 
Carefully explain: (a) the buffer action, and 
(b) the amphoteric behavior of amino acids. 
Discuss the primary structure of protein 
molecules. What types of chemical bonds de- 
termine this structure? 
What is a hydrogen bond? Why are such 
bonds important? 
What is meant by secondary and tertiary 
structure m the protein molecule? By what 
forces are these aspects of structure de- 
termined? 
What may be the physiological significance 
of the “folding” and “untolding” of protein 
molecules? What is a denatured protein? 
Give an example. 
What is a conjugated protein? Name two 
very important kinds. 
What is a nucleotide; a nucleoside? 
Name five organic bases present in various 
nucleic acids. Which of these can be found 
(a) in DNA only; (b) in RNA only; and (c) 
in both DNA and RNA? 
Differentiate in as many ways as possible be- 
tween DNA and RNA. 
Explain why DNA and RNA are very im- 
portant in the cell. 
Assuming that the chemical composition of 
protoplasm were fully known (which is far 
from true), what other difhculties would have 
to be surmounted to bring the “artificial syn- 
thesis of protoplasm” within the realm of 
possibility? 
Explain how the coarse, colloidal, and crys- 
talloidal particles of protoplasm are to be 
distinguished on the basis of: 

a. actual dimensions 

b. capacity to penetrate a cellophane 

membrane 
c. capacity to penetrate the plasma mem- 
brane 
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d. microscopic visibility 
e. detectability with the ultramicroscope 
f, capacity to reflect or diffrace light waves 
g. thermal movements, including Brown- 
ian movement 
Briefly explain how the polarity of a mole- 
cule is related to its degree of hydration and 
its ‘effective size.” 
Mention three polar and two nonpolar coi- 
pounds present in protoplasm. 
Distinguish between emulsions, suspensions, 
and solutions; give an example in each case. 


FURTHER 


Dynamic Aspects of Biochemistry, 3d ed., by 
EF. Baldwins New York, 1957. 

Unresting Cells, by R. W. Gerard: New York, 
1519: 

The Cell, vol. 2, Cells and Their Component 


AN. 


42. Explain why phuse reversal is possible in 
emulsion but not in suspensions. 

43. Define the terms: (a) adsorption; (b) emul- 
sifying agent; and (c) stable emulsion. Ex- 
plain how these terms are interrelated. 

44. Differentiate between a sol and a gel, using 
a gelatin “solution” to exemplify the discus- 
sion. 

15. How does a gelatin gel diller [rom actomyosin 
and other “protoplasmic gels’? 

46. Explain the relation between gelation and 
the contractility of protoplasm. 

READINGS 


Paris. cd. by J. Brachet “ind A. EveNliysky: 
New York and London, 1961. 

Cellular Physiology and Biochemistry, by 
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°Enzymes: How Cells 


Promote Chemical Activities 


IN PROTOPLASM many chemical reac- 
tions go forward with explosive speed. Yet if 
the reacting substances are removed from the 
cell and isolated in a test tube, they become 
very inert and no longer show much tendency 
to imteract. Such puzzling behavior led a few 
biologists to postulate a “vital force’ that 
activates the protoplasmic molecules. But 
others continued to search for missing fac- 
tors, and during the past 35 years the prob- 
lem has been greatly clarified. 

A relatively simple protoplasmic reaction 
will serve to illustrate this problem more spe- 
cifically. Many plant and animal tissues con- 
stantly produce hydrogen peroxide (H2O.). 
This fairly poisonous compound does not 
accumulate in toxic amounts because it de- 
composes almost as fast as it 1s formed. In 
decomposing, peroxide liberates free oxygen, 
as is shown in the equation at the top of the 
next column. 

In protoplasm this peroxide reaction goes 
forward very rapidly. Yet a pure aqueous 
solution of H.O., such as is commonly em- 
ployed as a disinfectant, is relatively stable. 


2H2O0, <= O2 -+ 2H2O 

2 mol Tmol 2mol 
hydrogen oxygen water 
peroxide 


In a stoppered bottle, peroxide keeps for 
months before it “goes flat,’’ gradually free- 
ing its content of Og. Thus one phase of the 
problem is to ascertain why peroxide shows 
less reactivity in the test tube than in the 
protoplasm. 


CATALYSIS 


In many cases, the rate of chemical reac- 
tion is greatly changed by the presence of a 
small amount of some specific reagent in the 
reaction medium. In the case of peroxide, 
for example, a very faint trace of manganese 
dioxide (MnO,), a black powder, will pro- 
duce a thousandfold acceleration in the lib- 
eration of oxygen. If just a pinch of the pow- 
der is added to a test tube of peroxide solu- 
tion, oxygen begins to come forth so rapidly 
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that the mixture froths like becr. Moreover, 
tt can be determined that none of the man- 
ganese compound disappears [rom the test 
tube, and consequently the same small sam- 
ple of MnO, can foster the decomposition of 
peroxide in a quantity that is virtually with- 
out limit. 

In the foregoing reaction, manganese diox- 
ide may be recognized as a catalyst, and its 
action upon the peroxide is a typical example 
ol catalysis. A catalyst ts any reagent that 
accelerates a chemical reaction without 
affecting the end point, and without being 
destroyed when the end port ts reached. A 
wide vanety of catalysts are known in inor- 
ganic chemistry, and there is an even greater 
number of organic catalysts. 


ENZYMES: DEFINITION AND EXAMPLE 


Enzymes are organic (essentially protein) 
catalysts produced by living cells. Typically 
each cell contains some 2 to 5 thousand dil- 
ferent enzymes and these enable the proto- 
plasm to carry on a very complex and vigor- 
ous trafhe of chemical activity. 

Many enzymes can be extracted Irom the 
protoplasm without impairing their activity. 
For example, catalase, the peroxide-activat- 
ing enzyme, can be obtained in dry crystalline 
form practically devoid of contaminating im- 
purities. Such a purificd enzyme displays tre- 
mendous activity. A small fraction of a gram 
of catalase, dropped into a test tube contain- 
ing peroxide solution, gives rise to a most 
vigorous evolution of oxygen. In fact, cata- 
lase accelerates the decomposition of perox- 
ide much more effectively than manganese 
dioxide when equivalent concentrations of 
the two catalysts are employed in the reaction 
(a 1Us ye 

Small amounts of catalase are present in a 
wide variety of animal and plant tissues, and 
catalase activity can be demonstrated in many 
crude preparations. Thus when peroxide 1s 
poured upon an open wound, the lrothing 
of the solution indicates that catalase 1s 
present in the blood and serum that oozes 


from the wound. Also, one may add the 
scrapings from a raw potato to a peroxide 
solution and observe the bubbling, which re- 
sults [rom catalase liberated by the dam- 
aged potato cells. 

General Importance of Enzymes. Virtually 
all the many chemical reactions that sustain 
the dleof the cell-are-wetisaited ‘by enzymes: 
Each different reaction generally depends 
upon a different enzyme. Most of these ful- 
fil] their duties inside the cell, speeding the 
reactions of metabolism, but some may be 
extruded from the protoplasm to foster the 
reactions ol digestion. In other words, neither 
metabolism nor digestion could occur tn the 
alpsence-ol the wide variety ol ‘enzymes: that 
are produced by every living cell. 

The Naming of Enzymes. Progress in the 
field of enzymology has been very rapid since 
1926, when James B. Sumner of Cornell Unt- 
versity first succeeded in isolating pure crvys- 
tals of urease, the envvme that catalyzes the 
hydrolytic breakdown of urea, CO(NHo)s, 
into carbon dioxide (CO.) and ammonia 
(NH;,). This progress gave rise to the modern 
system) of enzyme nomenclature, which ts 
exemplined mm. Wable 5-]. However, the 
names of some enzymes, especially those of 
the human digestive tract, do not conform to 
the system. These enzymes were very familiar 
before the modern terminology came into 
use and hence their old names have tended 
to persist (Fable 5-1). 

In modern enzyme nomenclature, the 
sufhix -ase indicates the name of an enzyme 
or group of enzymes. Specific individual en- 
yymes are usually named according to the 
principal substance, called the substrate, the 
chemical activity of which is being catalyzed. 
Thus the principal substrate of urease is 
urea, and that of starch (Latin = amylum) is 
amylase. However, not only the substrate but 
also the type of reaction may be indicated 
by the specific name, as in lactic dehydro- 
genase, which catalyzes the splitting off of 
hydrogen atoms from lactic acid (p. 101), and 
fructokinase, which catalyzes the phosphory- 
lation of fructose (p. 101). 
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Groups of enzymes may also be specified 
by the system, according to: (1) the class of 
substrate involved—for example, proteases, 
which catalyze protein reactions, and lipases, 
for lipid reactions, etc.; or (2) the type of 
reaction—for example, hydrolases, for hy- 
drolysis reactions; oxidases, for reactions in 


which oxygen has a direct involvement; and 
dehydrogenases, for the transfer of hydrogen 
(p. 145) from one organic substrate to another 
(an indirect type of oxidation). Metabolism, 
however, 1s exceedingly complex and enzyme 
nomenclature has developed certain other 
usages, which will be encountered later. 


Table 5-1—Some Representative Enzymes 


General Types; 
Specific Names 


Catalytic Action 


Connent 





Metabolic Enzymes 
Dehydrogenases 
}. Lactic dehy- l. 


drogenase lactic acid 





Liberates 2 hydrogens from 1. 


Hydrogen transferred to a 
hydrogen acceptor (p. 145); 


OH lactic acid oxidized to 
| pyruvic acid 
CH,.—C—-COOH O 


and from other molecules hav- 
ing similar structure, namely 
OH 


| 
CH,-C—COOH 


present in most, if not all, 
cells 


Gy 


| 
H 


2. Liberates 2 hydrogens from — 2. 
succinic acid 
fie EL 


2. Succinic dehy- 
drogenase 


| 
HOOC—C—C--COOH 


Poe 


Hydrogen transferred to 
another type of hydrogen 
acceptor (p. 145); succinic 
acid oxidized to fumaric 
acid 
HOOC—C—C-——_COOH 


ancl from other molecules | 


having 


H H 


| 


H H 
also widely distributed in 


cells generally 


al (peepee 


H H 


in their structure 


Transphosphorylases 


]. Glucokinase 1. ‘Transfers phosphate ]. Activates (p. 149) glucose, 
(HEPO >). rom. 7A VP (p. Initiating its catabolic 
149) to glucose breakdown; widely  dis- 
tributed 
2. Fructokinase 2. Transfers phosphate from 2. Activates fructose; widely 


ATP to fructose 


distributed 
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General Pypes; 
Speci ic Names 


Amuniutses 
1 Pyainie transa- i 
minase 
2. Alanine deamin- 2. 
ase 


Digestive Enzymes 
(all hydrolases) 


Proteases 
ler epsin le 
2. Arypsin Z 
3. Chymotrypsin a 
4. Carboxypepticase 4 


Table 5-1 (continued) 


Catalytic Action 


Transfers the amino group _ |. 


(NET) trom certain 
amino acids to pyruvic 
acid 





Corts % ce 

|! 

O 

forming alanine 


COOH 


GH.—¢-_€o0o0 
Discharges the amino 
group (—NH),) from ala- 
nine, forming pyruvic acid 
plus ammoma (NH) and 
hydrogen peroxide (H2O,) 


An endopeptidase; breaks — 1. 


(hydrolysis) the peptide 
chain of a protein mole- 
cule at certain specific 
points, forming long-chain 
peptides 


An endopeptidase; breaks 
certain internally placed 
pepude bonds of long- 
chain peptides, forming 
short-chain peptides 

Also an 
preferentially ruptures 
bonds bordering upon cer- 
tain amino acids, namely 
tyrosine, phenylalanine, 
and tryptophan 


An exopeptidase; splits off 4. 


terminal amino acids in 
which the carboxy] 
(—COOH) group 1s 
posed” 


“ex: 


1D 


ID 


endopeptidase; a 


Comment 


Important in reference to 
the interconversion of 
amino acids (p. 156) 


Achieves deamination, an 
HWuportant process in pro- 
tein -c:aitabolisin, ((p.- 196): 
accounts lor presence of 
catalase in most cells 


Present in the gastric juice 
of man and other animals; 
initiates the digestion (p. 
129) of protein components 
ol lood; requires an acid 
medium for maximum ac- 
VIC 
Present in pancreatic 
juices generally: very effec- 
tive in the “middle range” 
of protein digestion; re- 
quires alkaline medium 
Another — pancreatic 
cooperates 
trypsin in che intermediate 
range of protein digestion; 
requires alkaline medium 


hy- 


droliase: with 


Present in pancreatic juice; 
accounts for appearance 
of single amino acids dur- 
ing pancreatic digestion; 
requires alkaline medium 


General Types; 
Specific Names 
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Table 5-1 (continued) 


Catalytic Action 


Comment 


5. Aminopeptidase Another exopeptidase; 5. Present in the intestinal 
specifically splits off amino juice; trypsin, chymotryp- 
acids at end of chain, if sin, carboxypeptidase, and 
they possess an “exposed” amino peptidase have been 
amino (—NHb.) group used to determine the 

order of different amino 
acids in the peptide chains 
of various proteins (Fig. 

4-16) 

Carbohydrases 
1. Salivary and Hydrolysis of polysaccha- 1. Present in saliva and pan- 
pancreatic rides (starches and glyco- creatic Juices respectively, 
amylases gens) down to the disac- require neutral and alka- 
charide (maltose) stage line media, respectively 

2. Maltase 2,3, and 4. Each hydrolyzes 2. Liberates 2 molecules of 
its own specific disaccha- glucose 

3. Sucrase ride sugar, liberating ap- 3. Frees 1 mol glucose + ] 
propriate monosaccharides mol fructose 

4. Lactase 4. Yields 1 mol glucose + ] 

mol galactose 
Lipases 
]. Gastric lipase 1,2. Hydrolysis of fats, yield- 1. A relatively weak lipase; 


ing glycerol and fatty acids is acid 


2. Pancreatic lipase 
(Steapsin) 





CHEMICAL NATURE OF ENZYMES 


More than 300 enzymes, from a_ wide 
variety of cells and tissues, have now been 
obtained in pure crystalline form (Fig. 5-}). 
In every case an essential part of each enzyme 
has proved to be of protein composition. 
Moreover, all crude (that is, unpurified) 
enzyme extracts display protein character- 
istics. They tend to become denatured (p. 
88) and inactive when exposed to: (1) high 


stable, however, 
and may continue to act 
in alkaline chyme, follow- 
ing evacuation from stom- 
ach (p. 310). 

A potent lipase in pan- 
creatic juice; requires alka- 
line medium 


ro 


temperature (above 40° GC, typically); (2) rela- 
tively high or low pH conditions; or (3) 
changes in the tonic composition of the 
medium. In short, the maintenance of cata- 
lytic activity in an enzyme preparation ap- 
pears to depend upon the maintenance of the 
structural integrity of the protein compo- 
nent, especially with reference to the second- 
ary and tertiary aspects of such structure (p. 
87). 

It is now generally accepted that every 
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Fig. 5-1. Crystals of purified pepsin. (Courtesy of 
J. A. Northrop, Rockefeller Institute for Medical Re- 
search.) 


enzyme has an essential protein component, 
without which the enzyme loses all catalvtic 
power. Indeed, some cnzymes (for example, 
pepsin and trypsin, Table 5-1) are solely pro- 
tein. Many others, however, consist of a pro- 
tein part, called the apoenzyme, and a non- 
protein part, called a cofactor. Quite a few 
such cofactors have been identified. Each has 
proved to be a relatively simple phosphory- 
lated substance, chemically united to some 
one or another of the vitamin compounds, 
such as thiamine, riboflavin, etc. 
(Chap. 18). In fact, recent developments indi- 
cate that the principal role of most vitamins 


niacin, 


is to act as cofactors in various metabolic en- 
/vme systems 
in Chapters 8 and 18. 





as will be discussect more fully 


Coenzymes vs. Prosthetic Groups. Ihe pro- 
tein and nonprotem parts, in some enzymes 
(for example, succinic dehydrogenase, p. 108), 
ure very firmly united. and a separation of 
the parts leads to an irreversible loss of cata- 
lytic activity. In such cases, the nonprotein 
cofactor is spoken of as a prosthedc group, 
and the total enzyme complex can be re- 
garded as a conjugated protein. However, 
in other cases (for example, lactic dehydro- 
genase, p. 108), the afhliation is loose, and full 
activity can be restored after the parts have 
been separated and then brought together 


again. Such readily separable cofactors, in- 
deed, are called coenzymes. Moreover, several 
cases are known (for example, coenzyme A, 
p. 153) wherein the same coenzyme may team 
up with more than one apoenzyme, thus cata- 
lyzing several different metabolic reactions. 
This indicates that the specificity of enzyme 
action (p. 108) is determined mainly by the 
structural configuration of the protein part 
of each different enzyme complex. 


HOW ENZYMES ACT 


The precise mechanisms of enzyme catalysis 
are still not fully understood, although many 
investigators are concentrating on this area. 
The recent evidence indicates that frequently 
(perhaps always) the enzyme and substrate 
molecules combine together, rapidly and mo- 
mentarily forming a highly unstable inter- 
mediary enzyme-substrate compound (Fig. 5- 
2). Almost instantaneously thereafter, how- 
ever, the envyme-substrate compound cle- 
composes, restoring the free enzyme and 
liberating the end products of the reaction 
(Fig. 5-2). The evidence further indicates that 
energy Is generated by the enzyme-substrate 
union. Presumably this energy serves to raise 
the energy level of the substrate molecule 
(Fig. 5-2), inducing what may be termed an 
activated state, in which certain of the bonds 
of its molecular structure are more suscepti- 
ble to rupture. Moreover, union between 
enzyme and substrate molecules often seems 
to depend upon a mutual compatibility, or 
reciprocal fit between the molecular struc- 
ture of the enzyme and that of the particular 
substrate. More specifically, the configuration 
of some particular part of the en7\me mole- 
cule, which is known as the catalvtic site, 
must conform in some way to the configura- 
tion of some part of the substrate molecule 
—more or less in the fashion that a key must 
be fitted to its lock (Fig. 5-2). 

Enzyme-Substrate Combinations. Almost 
50 years ago Leonor Michaelis, ol the Rocke- 
feller Institute, first proposed that enzyme- 
substrate combinations are formed during 
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ENZYME (E) 
E,— SUBSTRATE(S) 





E-S COMPOUND 
an (ACTIVATED) 









PRODUCTS 


ENZYME 
(P, +P) 











C 142 @ 
ip . 
ne 
E + s¢ ———  —es™” ——> CE + PtP, 
(PP) PRODUCTS 
E. LEVEL OF ES* 
NC OK activation 
E. LEVEL OF ENERGY 
SUBSTRATE 
E. LIBERATED 
ENERGY BY REACTION 
LEVEL 
E. LEVEL OF 





PRODUCTS 





STAGES OF REACTION 


The mechonisms of enzyme catalysis: (1) Formotion of on enzyme-substrate compound. This requires o 


Fig. 5-2. 


“molecular fit’’ between the enzyme and the substrate. (2) Energy, generoted by union of E ond S, activates 
the substrate. Activation weakens certain specific bonds. (3) Splitting of substrote molecule into end products. 


This generates the reaction energy. 


enzyme catalysis. At this time, moreover, 
Michaelis formulated mathematical methods 
by which this hypothesis could be tested. 
Subsequently this brilliant theoretical analy- 
sis was borne out by many studies. These have 
shown conclusively that the speed of catalysis 
varies in predictable fashion when the con- 
centrations of (1) the enzyme, or (2) the sub- 
strate, or (3) certain specific inhibiting sub- 


stances (p. 106) are subjected to experimental 
variation. 

Enzyme-substrate compounds are extremely 
unstable and short-lived, however. Conse- 
quently they are difficult to isolate. But some 
of them possess distinctive colors, and these 
can be identified when a tissue is examined 
with a spectroscope. Thus in 1943, Kurt G. 
Stern, working at Yale University, was able 
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to demonstrate the formation of a catalase- 
H,O, intermediary compound, even though 
the life of this unstable complex endures for 
only 1/85,000 of a second. Britton Chance, 
of the University of Pennsylvania, also found 
that peroxidase, a brown enzyme extracted 
from horse-racish, forms two successive inter- 
inediary complexes, one green and the other 
pale red, when H.O. ts added to the system; 
and subsequently a number of other envyme- 
substrate intermediaries have been revealed. 

Concept of Intermolecular Fit. The “lock 
and key concept” of enzyme-substrate fit was 
first proposed by the great German biochem- 
ist, Emil Fischer, almost 75 years ago. A de- 
tailed knowledge of the molecular structure 
of proteins has been difficult to gain, how- 
ever, and evidence supporting this hypothesis, 
though very suggestive and intriguing, is not 
generally very specific. However, there are 
many cases where such an interpretation 
seems applicable. E. S. G. Barron at Chicago 
University, for example, studied the enzyme 
system that prepares acetic acid (CH,;,COOH) 
for oxidation by the Krebs cycle enzymes 
(Fig. 8-5). Barron lound that very small modt- 
fications in the configuration of the substrate 
molecule hada decisive influence in determin- 
ing whether it could be handled by the en- 
zyme. If, instead of acetic acid (CH;COOH), 
fluoroacetic acid (F—CH.COOH) was pre- 
sented to the enzyme, a stable enzyme- 
substrate compound formed, 
blocked the catalytic focus of the enzyme. 
On the other hand, chloroacetic acid 
(CI—CH.COOH) had littl or no effect. 
Barron concluded that probably the length 
of the interatomic bonds, namely carbon to 
hydrogen (1.09 Angstroms), carbon to fluo- 
rine (1.41 Angstroms), and carbon to chlorme 
1.76 Angstroms), played a decistve role in 
determining the fit—between the enzyme 
and substrate and between the enzyme and 
the inhibitor. 

Many other examples can be given to illus- 
trate the concept of fit, semifit, and misfit 
between specific enzymes, substrates, and im- 
hibitors. The protein-hydrolyzing enzvme, 


was which 


ammopeptidase (Table 5-1), fits only amino 
acids having an exposed amino (NH.) group, 
and these must be situated at the end of a 
pepude chain; another pancreatic enzyme, 
carboxy peptidase, (Table 5-1), can only split 
off amino acids having an exposed carboxy] 
(—COOH) group, and these likewise must be 
terminal in the-ehain:;: trypsin. (fable -5-)) 
splits protein chains only at certain spe- 
cific linkage points, whereas chymotrypsin 
achieves rupture at other different points; 
and in each case the site of rupture appears 
to be determined by the configuration of the 
specific amimo acids that adjoin the linkage. 
Moreover, cases of semifit, where a slightly 
modified substrate affixes itself firmly to the 
catalytic area of an enzyme and blocks off 
further catalytic activity (Fig. 5-3), have been 
studied in various ways. An outstanding ex- 
ample, in fact, is provided by the very useful 
drug, sulfanilamide. The molecular configu- 
rauons of this compound and of an essential 
(vitamin) substance present in many cells 
(para-aminobenzoic acid) are very similar 
(Fig. 5-4). Thus it is not surprising to find 
that sulfanilamide kills bacteria by blocking 
off the enzyme system that normally would 
handle the synthesis of para-aminobenzoic 
acid in the bacterial cell. 


ENZYME 


E-] COMPLEX 





Se EI 
STABLE 


Fig. 5-3. Enzyme inhibition: concept af matecular fit. 
The inhibitor (I) unites very firmly with the enzyme, 
blacking aff its catalytic site. When such union is rela- 
tively weak, and when the cancentration of inhibitar 
is law, the inhibitor campetes with the substrate for 
occupation af the catalytic site. This results in partial, 
or campetitive, inhibition. 


Cr 
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normal substrate 


NH, 


COOH 


p-aminobenzoic acid 


NZ 
| 

Ho Sy" 
thymine 


Fig. 5-4. 


inhibitar 


NH, 


SO, NH, 


sulfanilamide 


ZeS 


HN N~ N 


8-azaguanine 


OZ 


HO ON 


5-bromouracil 


The molecular canfiguration of an inhibitor substonce tends to be similar ta that af the normal sub- 


strote of the porticular enzyme. Therefore the inhibitor, or antagonist, is oble to compete with the substrate 


for occupation af the catalytic site. 


Reversibility of Catalyzed Reactions. Theo- 
retically the enzyme or inorganic catalyst does 
not determine the direction that a catalyzed 
reaction will take; that is, te same enzyme 
is equally effective in accelerating a particu- 
lay reaction in either direction. In other 
words, the direction of a reaction is cleter- 
mined not by the catalyst, but by other fac- 
tors. Exothermic reactions, which liberate 
energy, tend to occur spontaneously, although 
when the proper catalyst is present, such a 
reaction proceeds at infinitely greater speed. 
To drive an exothermic reaction in the re- 
verse direction—or, to state the matter more 
directly, to force the occurrence of an endo- 
thermic reaction—there must be some avail- 


able source of energy. Consequently an en- 
zyme can accelerate an endothermic reaction 
only when a suitable source of energy is 
available. 

Enzymes in Relation to Cell Structure; 
Coupled Reactions. Catabolic enzymes, which 
facilitate the exothermic reactions of the cell, 
tend to retain their activity after they are 
extracted from the protoplasm. But many 
anabolic reactions are difficult to duplicate 
outside the protoplasm. 

Such endothermic reactions, which lead to 
synthesis in the cell, seem to require the 
cooperation of several enzymes acting as a 
team; and this degree of teamwork cannot be 
achieved nnless the individual enzymes are 


— 


aN 


‘ 
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properly localized in the protoplasmic struc- 
ture—in the ribosomes or other parts of the 
endoplasmic reticulum, in the Golgi appara- 
tus, in the mitochondria, or other specialized 
Each endothermic reaction de- 
pends upon a simultaneous exothermic reac- 


structures. 


tion, and these reactions must be coupled in 
such a way that energy ts transferred [rom 
the exothermic to the endothermic process. 
Such an energy coupling between metabolic 
reactions depends in turn upon the integrity 
of the protoplasmic structure. The coupled 
reactions must occur synchronously and in 
close proximity to each other; and these con- 
ditions are usually realized only when the 
whole team of enzymes is suitably arranged 
In some spectalived part of the intracellular 
structure. In muscle, for example, a con- 
tinued resynthesis of adenosine triphosphate, 
an important organic component of the 
tissue, must go on if the muscle is to retain 
its contractile power; and this resynthesis ts 
coupled with the decomposition of phospho- 
creatine, another component ol the fibers (see 
Chap. 24). Likewise the resynthesis of phos- 
phocreatine 1s coupled with the breakdown 
ol -slycogen in the muscle; and in turn, the 
restoration of glycogen is coupled with the 
oxidation of other substrates. In general, the 
exothermic processes of the muscle, such as 
glycolysis and oxidation, proceed readily after 
the protoplasmic structure has been dis- 
rupted, as by grinding the muscle; but the 
synthetic reactions are fully achieved only in 
the intact muscle. Despite the theoretical 
capacity of enzymes to act reversibly, the con- 
ditions necessary for reversal are not always 
available, and many enzymes exert their in- 
fluence in one direction only. Moreover, even 
when a certain reaction is reversed in the 
protoplasm, the reversal] does not necessarily 
involve the same enzyme that was utilized 
initially. 

The importance of the fine structure of the 
cel] in determining the behavior of associated 
enzymes 1s further emphasized by recent 
studies on mitochondria. Each mitochondrion 
represents a complex of six enzymes. This 


group as a whole accomplishes many reac- 
tions that cannot be duplicated after the 
mitochondria have been broken up com- 
pletely, although some reactions may con- 
tinue when the mitochondria are partially dis- 
rupted. As will be explained later, the mito- 
chondrial enzymes, acting as a team, appcar 
to play an important part m the oxidative 
metabolism of a variety of compounds de- 
rived not only from sugars, but also from 
amimo acids and fatty acids (see Krebs cycle, 


pieldo). 


OTHER CHARACTERISTIC OF ENZYMES 


Enzymes tend to display a greater specific- 
ity than their inorganic counterparts. For 
example, three specifically different enzymes 
are necessary to hydrolyze the three common 
disaccharide sugars—sucrose, maltose, and 
lactose (Table 5-1). Frequently an enzyme 
acts only upon a single substrate, and even 
less specific enzymes act only on substrates 
with similar chemical structures. 

Undoubtedly the specificity of enzyme ac- 
tion indicates that a molecular fit between 
the substrate and the active site of the en- 
zyme is an essential prerequisite for catalysis. 
several such cases already have been cited 
(aminopeptidase, carboxypeptidase, trypsin, 
and chymotrypsin) and two other examples 
will suffice: (1) lactic dehydrogenase, which 
acts upon only one type of molecular con- 
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shown in Table 5-1. 

The catalytic potency of enzymes is ex- 
ceedingly great. A single molecule or cata- 
lase, for example, proves able to handle the 
decomposition of about 5 million molecules 
of H,O, per minute even at a low tempera- 
ture (0° C), which is required to make such 
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a measurement possible. This turnover nuim- 
ber is unusually high, to be sure, but many 
enzymes can easily handle more than a mil- 
lion molecules of substrate per minute, under 
optimal conditions. Thus it is safe to say that 
enzymes are generally much more active than 
inorganic catalysts. The best calculations 
indicate, indeed, that often there may be only 
about 100 molecules of a particular enzyme 
in a given cell—which puts a heavy burden 
of activity upon each enzyme molecule. 

Ptyalin, the amylase present in human 
saliva, 1s capable of activating the hydrolytic 
breakdown of more than a million times its 
weight of starch. Theoretically no potency 
should be lost, even with infinite activity. But 
enzymes, like other proteins, do not possess 
a very stable structure. Consequently some 
deterioration occurs even though the catalyst 
Is Not consumed in the reaction it catalyzes. 
Thus the maintenance of enzymic activity in 
the living cell depends upon a gradual re- 
placement of its enzymes through the agency 
of constructive metabolism. 

Sensitivity of Enzymes to Hydrogen and 
Other lons. The activity of many enzymes is 
sensitive to the influence of various ions 
present in the reaction medium. This is par- 
ticularly true as regards the hydrogen and 
hydroxyl ions. Each specific enzyme exhibits 
its most vigorous activity only when the acid- 
ity or alkalinity of the medium is adjusted to 
the proper level. Several examples of such 
sensitivity may be taken from the digestive 
enzymes of man. Pepsin, the powerful pro- 
tease of the gastric juice, acts very sluggishly 
except when the medium is strongly acid: 
trypsin and the other enzymes of the pan- 
creatic juice (Table 5-1) display full activity 
only when the medium is slightly alkaline. 
Ptyajin, the salivary amylase, requires a 
nearly neutral solution, and is quite mmactive 
when chloride ion is absent from the me- 
cium. Most metabolic enzymes, which exert 
their influence in the protoplasm proper, at- 
tain greatest potency when the medium is 
approximately neutral. 

Probably the unique sensitivity of enzymes 


to their ionic environment is related to 
changes in the secondary and tertiary struc- 
ture of the protein component, Too great a 
degree of folding in the peptide chain (p. 
87) may distort or block off the catalytic site, 
rendering it ineffective or only partially 
effective, and the same ts true for any exces- 
sive unfolding. In other words, the stereo- 
chemical configuration of the active site can- 
not be changed unduly without destroying its 
catalytic potency. 

Enzymes in Relation to Temperature. Heat 
accelerates the movements of molecules and 
ions, increasing the frequency of their con- 
tacts; consequently chemical reactions pro- 
ceed more rapidly when the temperature of 
the medium ts raised. As a general rule, each 
increase of 10° C doubles, or even trebles, the 
rate of most reactions. 

The foregoing temperature rule applies 
equally for both catalyzed and uncatalyzed 
reactions; but enzyme systems constitute a 
very special case. Up to the point where the 
heat begins to unfold and denature the en- 
zyme protein, warming the mecium increases 
the reaction rate. But there is a critical tem- 
perature beyond which each enzyme cannot 
be carried. Above this point the enzyme be- 
comes denatured (p. 88) and loses its catalytic 
power. Then the reaction rate drops quickly 
to the uncatalyzed level, which may be very 
slow, despite the elevated temperature. 

The case of ptyalin will exemplify the 
thermal behavior of enzymes generally. If a 
small amount of saliva is mixed with a starch 
solution, the starch ts hydrolyzed to maltose 
(Fig. 5-5). This reaction proceeds rather 
slowly at 0° C, but more and more rapidly as 
the temperature of the test tube is raised. 
Maximum rapidity is reached at about 49° C. 
If the temperature is then raised still fur! 
ther, chemical] activity comes to a virtual 
standstill. Furthermore, if the damaging tem- 
perature is maintained for many minutes, no 
trace of amylase activity will persist after the 
system has been cooled again. In other words, 
an irreversible denaturation of the enzyme 
protein has occurred. 
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Fig. 5-5. Digestian af starch by saliva. A, twa beakers 
were filled with an opaque suspensian of starch in 
water. Same saliva (which cantains ptyalin) was added 
to the left beaker anly. B, later, the saliva has digested 
the starch, converting the large malecules into smaller 
malecules of sugar, rendering the solution transparent 
in the left beaker, while the salution in the right beaker 
remains unchanged. (From Digestion of Foods, Encyclo- 
pedia Britannico Films, Inc.) 


The thermal behavior of enzymes imposes 
serious limitations upon organisms generally. 
Most cells lose their capacity to carry on me- 
tabolism: at Lemperatures above 10° C: A 
few organisms possess enzymes that are espe- 
cially resistant to heat, and only such organ- 
isms are able to survive in exceptionally hot 
places. In most cells, the rate of metabolism, 
and hence the intensity of the life processes, 
changes as the temperature varies from day 
to day, and from season to season. Thus the 
winter metabolism of most organisms sub- 
sides to a point where dormancy ts ineyi- 
table. Only ‘““warm-blooded” organisms, such 
as man and a few other vertebrates, have 
evolved a method of controlling their body 
temperature. In man, for example, the tem- 
perature seldom fluctuates more than a few 
degrees above or below 37.2° C. Accordingly 


the numerous enzymes of our tissues operate 
at optimum efficiency, and our digestive and 
metabolic reactions proceed on schedule, de- 
spite fairly drastic changes in the environ- 
mental temperature. 


ENZYMATIC NATURE OF GENES; 
AUTOCATALYSIS 


Fundamentally the character of each cell 
must be determined, at least in large meas- 
ure, by its metabolism; and the metabohsm, 
in turn, must be determined by a particular 
set of enzymes, which are inherited by the 
cell. In some fashion, therefore, the genes of 
an organism must determine the nature of 
its intracellular enzymes. These considera- 
tions, of course, are tremendously important 
and they will be approached more closely 
later (Chap. 28). 

It has been assumed for many years that 
genic substances possess a unique property, 
namely autocatalysis. This 1s the capacity of 
a substance to catalyze the production of 
itself. Such self-replication, it was thought, 
provided a basis for understanding how each 
cell, via the mechanisms of mitosis, could 
perpetuate its own characteristics. However, 
the mechanism of genic action—how a _ par- 
ticular set of genes achieves the production 
of a particular set of enzymes—remained ob- 
scure. 

Currently, however, much progress in this 
field is taking place. Now it is possible to 
identify the genes as DNA proteins, each 
characterized by a distinctive pattern in the 
arrangement of its nucleotide constituents (p. 
134). When self-rephcation occurs, moreover, 
the pattern of each gene provides a template 
(p. 134) for the production of an equivalent 
unit. But mn addition, each genic pattern 
provides a code for the production of sim- 
larly patterned RNA proteins, which have a 
site of action 1n the cytoplasm (p. 525). And 
finally, the pattern of each different RNA 
component carries the code for the synthesis 
of some one of the specific enzyme proteins 
in the cell (p. 529). The genes, accordingly, 
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must be regarded as master enzymes in the 
cell. Not only do they perpetuate themselves 
by an intricate kind of autocatalysis, but also 
they govern the production of the enzyme 


IO 


Le 


proteins, utilizing the RNA constituents of 
the cell to transmit a precisely coded set of 
instructions (Chap. 27). 


TEST QUESTIONS 


Define the term catalyst and carefully de- 
scribe any typical example of catalysis. 
What is an enzyme? How and why are en- 
zymes important in every cell and every 
organism? 
Name any four enzymes and specify the 
chemical] reaction that is catalyzed by each. 
Distinguish between enzymes and inorganic 
catalysts, on the basis of: 
a. chemical] composition 
b. stability at higher temperature 
c. specificity of action 
d. sensitivity to hydrogen and other ions 
Is there any known relation between en- 
zymes and vitamins? Explain. 
Is there any known relation between en- 
zymes and genes? Carefully explain. 
Provide appropriate examples of: 
a. one or more enzymes that are substrate 
specific 
b, two enzymes that are specific in rela- 
tion to some particular chemical con- 
figuration. 
Summarize the evidence from which it may 


FURTHER 


Cellular Physiology and Biochemistry, by 
William D. McElroy; Englewood Cliffs, N. J., 
196]. 

Genes, Enzymes, and Inherited Diseases, by 
H. E. Sutton; New York, 196}. 


be concluded that all enzymes, in essential 
y 
part, are of protein Composition. 


9, Define and explain: 
a. Catalytic site 
b. catalytic fit 
c. enzyme-substrate compound 
d. energy of activation 
e. the mitochondria] enzyme team 
f. competitive inhibition of enzyme Ca- 
talysis 
10. Explain why certain enzymes lose their power 
of catalysis when they are extracted from the 
protoplasm. 
1}. Describe and explain the changes in the 
speed of reaction in the following cases: 
a. the decomposition of H.O, in_ the 
presence of MnO, at 30°, 40°, and 
50° C 
b. the decomposition of H.O. in the 
presence of catalase at 30°, 40°, and 
50 
12. How might the oxygen consumption of a 
man be affected by (a) fever and (b) a sub- 
normal temperature? Explain. 
READINGS 
3. ‘Enzymes,’ by |. Pieifter, in The Physics and 


Chemistry of Life, a collection of articles from 
Scientific American; New York, 1955. 


4, Chemistry and Methods of Enzymes, by J. B. 


Sumner and F. G. Somers; New York, 1953. 


Cues and Other Mechanisms 


by Whach Cells Take In and 
Give Off Materials 


THE MEPABOLISNE ob eadi living cell re 
quires a ceaseless supply of new materials 
and produces a steady stream ol waste prod- 
ucts. These substances must be passed in anc 
out between the protoplasm and the. sur- 
rounding medium through the living cell 
surface, or plasma membrane. The metabo- 
lism itself may provide energy to keep the 
trafic moving, and extraneous cell coatings 
(p. 33) may influence the speed of flow, but 
the dominant role is played by the plasma 
membrane (Fig. 6-1). 


PASSIVE vs. ACTIVE TRANSPORT 
MECHANISMS 


In some respects the cell may be compared 
to a very small cellophane balloon, filled with 
a sugar solution and immersect in water. 
Owing to the tendency of various molecules 
and ions to disperse themselves evenly 


throughout any system (p. 113), water mole- 


bre 


cules would continue to enter the balloon 
and sugar molecules would leave it, until an 
equilibrium was reached. In like fashion 
water frequently tends to enter the cell and 
fnesuch 
Cres, however, “ie ‘enero, thint cehives: the 
transport mechanism ts not generated by the 
cell. It is the kinetic or thermal movement 


solute molecules tenct to leave it. 


of molecules, which is characteristic of all 
matter—except when the temperature falls 
to absolute zero (—273.2° CG). No energy is 
expended’ by the cell in lorecing the sub- 
stances to enter or leave, anid accordingly 
such exchanges are relerredl to as passive 
transport. 

Frequently it 1s found, however, that the 
cell may accumulate a dissolved substance, 
so that the concentration is far greater in- 
side the cell than outside; or the cell may ex- 
clude the entrance of a substance present in 
very high concentration in the outside me- 
dium. Generally speaking, for example, the 


concentration of potassium ions (K+) in the 
protoplasm ts often 30 times greater than in 
the mecium surrounding the cell; and the 
level of sodium ions (Na+) outside may be 
10 times greater than inside. Spontaneously, 
therefore, potassium ions are under pressure 
to leave the cell and sodium ions have a great 
tendency to enter. Under such circumstances 
the cell must generate energy to overcome 
the kinetic forces that are driving the sub- 
stances to enter or leave. In short, whenever 


the cell expends energy to foster the entrance aa 


or exit of a substance, an active transport 
mechanism 1s involved. Much remains to be 
learned about the cellular mechanisms of ac- 
tive transport; they are very important in the 
life of the cell and currently they are a focal 
area of considerable research. 


PASSIVE TRANSPORT: DIFFUSION AND 
OSMOSIS 


‘The surrounding medium of the cell gen- 
erally consists of some kind of aqueous solu- 
tion. This soluaon may be the fresh or salt 
water in which the organism lives, or it may 
be a body fluid such as the blood and lymph 
of animals, or the tissue sap of plants. To 
enter the cell passively, the penetrating sub- 
stance must c«lisplay at least a minimum sol- 
ubility in the fluid surrounding the cell and 
in the protoplasm of the cell itself. Ordinar- 
ily only dissolved substances can pass spon- 
taneously through the plasma membrane. 

Not all dissolved substances can penetrate 
the plasma membrane with equal facility. 
The molecules or tons may be too big, or 
they may encounter a variety of other inter- 
fering factors (p. 116). Thus the plasma mem- 
brane is a semipermeable membrane—per- 
meable to some substances, but not to all. 

Whenever two different solutions are sepa- 
rated by a semtpermeable membrane, an 
osmotic system is established. Each typical 
cell, therefore, represents an osmotic unit, 
since the semipermeable plasma membrane 
always intervenes between the protoplasm, on 
the one hand, and the external solution on 
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Boundary membranes of two contiguous 
cells: electron micrograph of section of a nerve 
(mouse). The double membrane of each cell measures 
aboul 80 Angstroms across; whereas the intercellulor 
material is about twice as thick. Compare this photo 
with the Danielli diagram of the cell membrane (Fig. 
6-5). (Photo courtesy of J. David Robertson, Deport- 
ment of Neuropathology, Harvard Medicol School.) 


the other. Large quantities of water and lesser 
amounts of dissolvecl substances are con- 
stantly passing into or out of the cell across 
the plasma membrane, and these exchanges 
are very important in the life of every cell. 

Diffusion. The spontaneous migration of 
molecules and ions within the limits of a 
single solution must be considered before we 
deal with the more complex process of os- 
mosis. If any dissolved substance 1s concen- 
trated more heavily in one part of a solution, 
this substance will spread gradually until its 
molecules (or ions) are evenly distributed 
throughout the whole solution. ‘This process 
is called diffusion. It is caused by the random 
movements of all the particles (solute as well 
as solvent) that make up the entire solution. 
Essentially these random movements are a 
manifestation of the molecular kinetic energy 
(heat). 

The direction that a given particle will 
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take at any particular moment is entirely un- 
predictable. The particle may move in any 
direction, depending upon its chance colli- 
sions with other particles or with the wall] of 
the containing vessel. Nevertheless the mass 
movements of each Armd of particle present 
ina solution can be predicted accurately on 
These mass movements 
are governed by the fundamental law of 
diffusion. The parucles of each different sub- 
stance present ma solution will diffuse from 
a region where these particles are more con- 
centrated toward a region where they are less 
concentrated. Moreover, diffusion will con- 
tinue until every component reaches equal 
concentration throughout the whole solution. 
In the sugar solution ol Figure 6-2, for exam- 
ple, the muss movement of the water ma 
downward direction occurs simultaneously 
with the upward movement of the sugar 


a Statistical baste 





Fig. 6-2. Diagram of free diffusion. A weak sugar 
salution, layered on top of a stronger one. The attain- 
ment af equilibrium (equal distribution of all the male- 
cules) depends upan two factors: (1) water molecules 
(the dots) diffuse downward from the upper salution 
where the water cancentration is greater, and simul- 
taneously, (2) sugar malecules (the crosses) diffuse up- 
ward fram the region where the sugar concentration is 
greater. Each kind of molecule in a salution obeys the 


some law. 


molecules, until complete equality in the 
distribution of both kinds of particles is 
finally reached. 

The concentration of each different sub- 
stance present in a solution is of critical im- 
portance in determining the direction of the 
diffusion of that substance. The concentra- 
tion of a substance specaihes the number of 
its particles present ina unit volume of the 
solution. No two molecules or ions can oc- 
cupy the same space at the same time, and 
therefore it follows that the concentration of 
any one substance cannot be increased with- 
out displacing from each unit volume of the 
solution an equivalent number of the par- 
ticles of all other components. Accordingly, 
whenever the total solute concentration is 
high, the concentration of solvent must be 
low; or whenever the concentration of one 
solute is increased, the concentration ol the 
other solute and of the solvent must undergo 
a corresponding decrease. 

The foregoing relationships may be seen 
in the sugar solution diagramed m= Figure 
6-2. The sugar and the water molecules reach 
equilibrium by diffusing in opposite direc- 
tions. But each is obeying the same fiunda- 
mental law: each is escaping from the region 
of its greater concentration toward the region 
of its lesser concentration. In the top part olf 
the original solution, the higher concentra- 
tion of water is determined by the lower 
concentration of sugar, and consequently 
the water diffuses downward. In the bottom 
of the test tbe, the higher concentration of 
sugar corresponds to the lower concentration 
of water, and consequently the mass move- 
ment of the sugar molecules is in an upward 
direction. 

The velocity of diffusion is determined by 
a number of factors. The whole process de- 
pends upon thermal energy, and conse- 
quently equilibrium is attained more quickly 
in warmer solutions. When the concentration 
difference (concentration gradient) is greater, 
the tendency of the particles to escape from 
the concentrated region is greater. Large 
particles diffuse more slowly than small ones 


(p. 116), and the more viscous the medium 
the slower the diffusion. Equilibrium is 
reached very slowly when the distances in- 
volved are macroscopic; but within micro- 
scopic and  ultramicroscopic limits, the 
equalization of concentrations may be almost 
instantaneous. 

Osmosis. If a semipermeable membrane is 
placed between two different solutions, an 
osmotic system is established. In_ biology, 
however, only aqueous solutions are impor- 
tant. Therefore, from a biological viewpoint, 
osmosis may be defined as the exchange of 
water between the protoplasm and any solu- 
tion surrounding the cell. Various other 
substances, when able to penetrate the mem- 
brane, may also enter or leave the cell, but 
these are diffusional exchanges that are super- 
imposed upon the true osmotic exchanges. 

In a simple osmotic system, such as is 
shown in Figure 6-3, both the solvent (water) 
and the solute (sugar) are under the same 
compulsion to diffuse, each from the region 
of its own higher concentration. But in such 
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Fig. 6-3. Model of a perfect osmotic system. The 
membrone, which is free to shift positian, is permeable 
to water (the dots) but not permeoble to sugor mole- 
cules (crosses). Note that equilibrium is attained solely 
by the passage of water from the upper solution, where 
the original concentration of H,O is higher, to the 
lower solution, where the concentration is lower. Finally 
both sugar and water ore equally distributed. 
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a perfect system only the water is able to 
penetrate the intervening membrane. Conse- 
quently the two solutions can reach equl- 
librium only by the transfer of water from 
one solution to the other. In Figure 6-3, for 
example, since sugar molecules are unable to 
penetrate the membrane, equilibrium will 
be reached solely by the passage of water 
from the upper solution (where the water 
concentration is greater) to the lower solu- 
tion (where the water concentration is lesser). 
Eventually, however, an equal distribution 
of both water and sugar may be reached. As 
water is lost from the upper solution, the 
sugar concentration increases, and = simul- 
taneously, as water 1s gained by the lower 
solution, the sugar concentration decreases— 
until finally both solutions reach equality. 

The Cell as an Imperfect Osmotic Unit. The 
cell, quite obviously, cloes not represent a 
perfect osmotic system. Not only water, but 
also many dissolved substances commonly 
present in and around the protoplasm are 
able to penetrate the plasma membrane in 
significant amounts. Therelore, the exchange 
of water between a cell and its surroundings 
(true osmosis) occurs simultaneously with the 
exchange (purely by diffusion) of other sub- 
stances, such as oxygen and carbon dioxide, 
which experience no difficulty in passing into 
or out of the cell. 

One set of purely diffusional exchanges be- 
tween the cell and its surroundings is shown 
in Figure 6-4, which illustrates diagrammati- 
cally the process of respiration as it occurs in 
all typical animal cells. Both oxygen and 
carbon dioxide are freely soluble in the pro- 
toplasm as well as in the surrounding water; 
and both can pass very freely through the 
plasma membrane. Thus a steady supply of 
O. molecules streams into the living cell so 
long as the concentration of oxygen remains 
relatively high in the outside medium. Inside 
the cell the concentration of O, is low be- 
cause free oxygen is used for oxidative me- 
tabolism as soon as it enters the protoplasm. 
The O, concentration in the surrounding 
water tends to remain relatively high, since 
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Fig. 6-4. 


The diffusional exchange of oxygen (the circles) and carban dioxide (the dots) between the protoplosm 


of an amoeba and the surrounding water. Both substances obey the same law—passing toward the region of 
lowest concentration; i.e., into the protoplasm, in the case of the oxygen; and into the environment, in the case 


of the carbon dioxide. 


this water remains at equilibrium with the 
20 percent of oxygen in the supernatant air, 
Likewise carbon dioxide, in leaving the cell, 
follows a similar gradient. In the protoplasm, 
carbon dioxide is produced continuously by 
metabolism. Consequently CO. reaches a 
higher concentration relative to the outside 
water, Which maintains equilibrium with the 
small amount (0.03 percent) of carbon diox- 
ide in the atmosphere. 

Passive Permeability of the Plasma Mem- 
brane. Nonprotoplasmic membranes such as 
the pellicle and cell wall are freely permeable 


Table 6-1—Capacity of Various Substances to 


Very Rapid Rapid Slow 








Gases 


Water | “Simple organic 
Carbon dioxide 


substances 


Oxygen Glucose 

Nitrogen Amino acids 
Fat solvents Glycerol 

Alcohol Fatty acicls 

Ether 

Chloroform 





to most of the substances that normally im- 
pinge upon the cell, and it is the plasma 
membrane that exerts a miun control over all 
dittusional and osmotic processes. The per- 
meability of the plasma membrane, which is 
very complex and variable, depends not only 
upon the nature of the impinging particles, 
but also upon the changing conditions in- 
side and outside the cell. Permeability differs 
in different cells and sometimes on the differ- 
ent sides of the same cell. Nevertheless, cer- 
tain generalizations can be made, and these 
are summarized in Table 6-1. 


Penetrate (Passively) the Plasma Membrane 


| 
| Very Slow 





Virtually No 
Penetration 





Strong electrolytes 
Inorganic salts 


Complex (colloid al) 
compounds 


| Acids Proteins 
Bases Polysaccharides 
Disaccharides Phospholipids, ete. 
Sucrose 
Maltose 


Lactose 





The factors that determine the capacity of 
a given substance to penetrate the cell are not 
completely understood, although the size of 
the molecules is certainly important. In gen- 
eral, larger molecules experience more diff- 
culty in traversing the membrane, and col- 
loidal molecules generally display a negligible 
capacity to penetrate. Such observations have 
led biologists to postulate the existence of 
pores in the structure of the plasma mem- 
brane (Fig. 6-5), the dimensions of which 
would prevent the passage of such larger 
molecules into or out of the cell. 

Molecule size, however, 1s not the only fac- 
tor; otherwise the inorganic. electrolytes 
(salts, etc.) would enter the cell more rapidly 
than such substances as glucose and amino 
acids. In the case of electrolytes, the interfer- 
ing factor appears to be the electric charge 
carried by the ions of these substances. The 
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living membrane itself maintains an electric 
charge (usually negative in sign, p. 191), andl 
this charge tends to repel ions of the same 
charge. And since one type of ion in a solu- 
tion cannot abandon the oppositely charged 
ions, without setting up a counter electric 
force, blocking one type of ion is almost 
equivalent to blocking both. 

The great freectom afforded to the passage 
of fat solvents, such as alcohol and ether, 
represents another problem in cell permea- 
bility. Fat solvents pass through the mem- 
brane even more rapidly than water, and 
this fact has led to a belief that fat solvents 
enter the cell by a special route: via lipoid 
phases in the membrane structure (Fig. 6-5). 
Under normal circumstances, however, very 
small quantities, if any, of fat solvents are 
present in the protoplasmic system or its sur- 
rounding media. 


EXTRANEOUS COAT 
~~~ (MUCOPROTEIN) 


—<— QUTER PROTEIN 


FILM 
(PEPTIDE 
CHAINS) 
PLASMA 
Pane LIPID LAYER 
ANGSTROMS (DOUBLE) 
INNER 
SAVE. ALY fle PROTEIN FILM 
eee hee ae Eye CYTOPLASM 
Fig. 6-5. Madel af the maleculor structure of a cell membrane, based on concepts 


of J. F. Danielli, Kings Callege, London. 


N atoms (C0), 


In the plasma membrane proper, note the 
peptide chains of the protein films, which consist of olternoting C atoms 


((]) and 


oriented tangentially; whereas the lipid molecules are arranged radi- 


ally in a dauble layer, with the palar ends, ar “heods’’ (A), directed toword the 


membrane surfaces, and the nonpolar hydrocarbon 


‘toils’ directed away from the 


membrone surfaces. The total thickness of such a moleculor arrangement wauld be 
80 to 100 Angstroms, which closely agrees with electronmicrographs of the cell 


membrone (Fig. 6-1). 


118 - The Cell 


Water Equilibrium in the Cell: Osmosis. 
The bulk of all solutes present in protoplasm 
—and tus incluces proteins, most sugars, 
and inorganic salts—are substances that 
penetrate the plasma membrane very slowly, 
if at all (see Table 6-1). The solvent, water, 
on the other hand, can enter or leave the 
cell quite quickly. Moreover, water is ex- 
tremely abundant in all the media (fresh 
water, sea water, blood, lymph, sap, etc.) 
that normally surround the cell, as well as 
in the protoplasm itself. These facts are of 
great rmportance. They mean that the bur- 
den of establishing equilibrium between the 
cell and a surrounding solution devolves 
mainly upon the water. If a cell is placed in 
an unbalanced solution in which the con- 
centration of water is drastically different 
compared with the protoplasin, so great a 
quantity of water will enter or Ieave the cell 
that the living structure will be destroyed. 

Isotonic Solutions. In an isotonic solution, 
the concentvation of water is the same as in 
the protoplasm. This condition is realized 
only when the total concentration of solute! 
(taken collectively) in the solution and the 
protoplasm is likewise equal. In an isotonic 
solution, the water exchange between thie 
cell and the solution is exactly balanced. 
Owing to the random movement of mole- 
cules, water continues to escape across the 
membrane, but the escaping water is exactly 
balanced by an equivalent amount of water 
that enters the cell simultaneously. As a gen- 
eral rule the blood and lymph of animals are 
approximately isotonic to the cells. In the 
blood stream, for example, the red blood cells 
are in osmotic balance with the surrounding 
plasma. Under these conditions no net gain 
or loss of water occurs, and consequently the 
cells are preserved from abnormal changes of 
volume. But if red cells are studied in an 
ardficial medium: such as a salt solution, ab- 
normal changes are bound to occur unless 
the artificial solution is made isotonic to the 
protoplasm (for example, 0.9 percent NaCl). 

' Disregarding the small amounts ol rapidly pene- 
trating solutes (for example, oxygen). 


An isotonic solution contains a concentra- 
tion of nonpenetrating (or very slowly pene- 
trating) solute that approximates the total 
concentration of nonpenetrating solutes (pro- 
teins, phospholipids, salts) in the protoplasm. 
Otherwise an equality of the water concen- 
trations inside and outside the cell 1s not pos- 
sible. Various nonpenctrating solutes may be 
used in the preparation of an isotonic solu. 
tion, although the inorganic salts, especially 
NaCl, are most frequently employed. Best 
results. are obtained from salt mixtures in 
which Nat, K+, Ca*+, and Mg-*+ ions are 
represented in the proper proportions, since 
otherwise the normal semipermeability of 
the plasma membrane gradually deteriorates. 
In the various kinds of “‘Ringer’s solution,” 
as such balanced solutions are called, the 
proper quantity and the proportions of inor- 
ganic salts vary considerably from one kind 
of animal to another. In transfusion fluids, 
which are usecdl in emergencies to replace the 
blood plasma, a considerable proportion of 
protein is included with the salts. Various 
foreign proteins have been tried as substi- 
tutes for the normal] plasma proteins, but not 
with much success. The main difhculty has 
not been to obtain the proper osmotic con- 
ditions, but to find foreign proteins that will 
remain m the blood stream and that are not 
toxic to the organism. 

Hypotonic Solutions. A hypotonic solu- 
tion contains a relatively low concentration 
of nonpenetrating solute (compared to the 
protoplasm of the cell that it surrounds). 
Because of the low concentration of solute, 
the water concentration 1n a hypotonic solu- 
tion is relatively high. Therefore, cells placed 
in hypotonic solution tend to take in water 
and to swell. The passage of water from the 
external solution where the concentration 1s 
higher into the cell where the concentration 
is lower conforms, of course, with the funda- 
mental law of osmosis and diffusion. If the 
protoplasm can accommodate the extra water 
and come into equilibriuun with the = sur- 
rounding solution, the swelling will stop. 
Otherwise, the swelling continues until the 


membranes around the cell are ruptured, 
and the cell as a whole is destroyed. When 
human red blood cells are put in a solution 
containing only 0.2 percent NaCl (instead of 
the 0.9 percent salt present in an isotonic 
solution), the corpuscles swell and burst so 
quickly that no opportunity is afforded for 
examining them with a microscope. 

Plant and animal cells are very different 
in their capacity to tolerate submersion in 
hypotonic solutions. Pond water, since it con- 
tains only very small quantities of the inor- 
ganic salts and other nonpenetrating solutes, 
is extremely hypotonic to all cells. Neverthe- 
less pond water is the normal habitat of a 
great variety of unicellular forms. Jn the case 
of aquatic plants, such as Spirogyra, the great 
strength of the cellulose wall prevents the 
cells Irom swelling unduly. As water enters 
by osmosis from the hypotonic medium, the 
protoplasm of the plant cell is forced out- 
ward against the unyielding cell wall. When 
a sufficiently high internal pressure is gener- 
ated, the further entrance of water is pre- 
vented. This high internal pressure, which is 
called turgor, is characteristic of plant cells 
generally. The turgor pressure of a normal 
plant cell may rise to several atmospheres 
before a further influx of water is stopped. 
Typically the medium surrounding a plant 
cell remains hypotonic to the protoplasm, 
but turgor constitutes a counterforce that 
prevents more water from entering the cell. 

If a plant is deprived of water, the indi- 
vidual cells lose turgor and the tissues be- 
come wilted. Such a wilted tissue (for exam- 
ple, a limp lettuce leaf) may regain its 
normal crispness and turgidity if it is re- 
turned soon enough to fresh water. But 
should the cells be killed from loss of water, 
the wilted tissue never regains turgor. At 
death, the plasma membrane becomes indis- 
criminately permeable to virtually all solutes, 
andl consequently the normal osmotic be- 
havior of the cells is lost. 

Unlike plant cells, most antmal cells can- 
not tolerate exposure to drastically hypo- 
tonic solutions. The pellicle 1s not sufficiently 
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strong to generate much turgor. Consequently 
most animal cells continue to swell and will 
burst if the influx of water is excessive. This 
phenomenon is called osmotic cytolysis. Ani- 
mal cells can withstand moderately hypo- 
tonic solutions, however, since the incoming 
water may dilute the protoplasm sufficiently 
to estabhsh equilibrium. When the water 
concentration on either side of the mem- 
brane becomes equal, no further swelling 
will occur. 

Many of the Protozoa constitute a special 
case. These animal cells have become aclapted 
to live in fresh water. To counteract the con- 
stant influx of water into the protoplasm, 
these species have developed contractile vac- 
uoles (Fig. 6-6). Such vacuoles prevent the 
cells from swelling by collecting water from 
the protoplasm and pumping it back Into 
the environment. Just how the water is forced 
to move against its osmotic gradient in pass- 
ing from the protoplasm into the vacuole 1s 
not clearly understood. But it is known that 





Fig. 6-6. Greatly magnified view of a contractile 
vacuole in o poramecium; A, filled to capacity; ond B, 
just emptied. Nate that the rodioting canals, which 
conduct the fluid into the vacuole, can be seen more 
clearly when the vocuole is empty. 
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the cell must expend energy in performing 
this work. This energy comes from metab- 
olism, and if a protozoan ts treated with a 
metabohc poison, the contractile vacuole 
stops working. Then the cell begins to swell 
and eventually it will burst, unless the ac- 
tivity of the contracile vacuole is restored 
in time. 

Hypertonic Solutions. A hypertonic solu- 
tion, compared to the protoplasm of the cell 
that it surrounds, contains a relatively high 
concentration of nonpenetrating solute. Since 
the solute concentration is high, the concen- 
tration of water in a hypertonic solution 1s 
relatively low. Therefore cells placed in hy- 
pertonic solution tend to lose water and 
shrink. 

Plant and animal cells behave diflerently 
when they undergo shrinkage in hypertonic 
solution. The pellicle of many animal cells, 
being flexible, becomes wrinkled as the cell 
loses volume. This wrinkled, shrunken ap- 
pearance, which can be seen tn the red blood 
cells of Figure 2-18, is described as crenation. 
The lesser volume of the crenated cells is due 
mainly to a Joss of water. Water is by far 
the most prevalent of the substances capable 
of penetrating the membrane, and conse- 
quently equilibrium is established largely by 
the escape of water. The shrinking of the 
cell continues untul finally the water con- 
centration mn the protoplasm is reduced to 
the level of the outside medium. In some 
cases, when the loss of water 1s not drastic 
enough to destroy the living structures, the 


cell may regain its original volume, 1f it is 
returned to an isotonic medium. But if the 
cells are severely damaged by the loss ol 
water, hypertonic shrinkage 1s irreversible. 

The appearance of plant cells in a hyper- 
tonic medium is quite different. The cell 
wall, being more rigid than the pellicle, 
maintains its original form, while the proto- 
plasm continues to shrink. The resulting 
condiuon, which is shown in Figure 6-7, is 
called plasmolysis. The protoplasm of the 
plasmolyzed cell occupies only a part of the 
space enclosed by the cellulose wall. Plas- 
molysis is likewise reversible, provided that 
the plasma membrane is not damaged in the 
process. 

Deplasmolysis. Instead of using a strong salt 
solution to plasmolyze a plant cell, one can 
use a hypertonic solution of glucose. Com- 
pared to the ions of a salt, glucose molecules 
can penetrate the cell more rapidly. Never- 
theless the rate of penetration of the glucose 
is so slow compared to water that an mmiual 
plasmolysis occurs as soon as the cell is placed 
in the hypertonic solution. In a moderately 
hypertonic glucose solution, however, the 
plasmolysis does not endure indefinitely. 
Within about 10 minutes the protoplasm 
shows signs of swelling, and within half an 
hour the protoplasm again occupies all the 
space within the encompassing cell wall. 

The orginal plasmolysis is due to a very 
rapid equahzation of the water concentra- 
tion inside and outside the plasma mem- 
brane; and as soon as the concentration ol 





Fig. 6-7. 


Plasmolysis as seen in the cells of Spirogyra. Note that the cytoplasm 


(and chloroplast) has shrunk away, leaving a gap between the plasma mem- 
brane and the cell wall. Photograph retouched slightly to show outlines of the 
cytoplosm and cell walls more clearly. (Copyright, General Biological Supply 


House, Inc.) 


water in the protoplasm is reduced to the 
level of the medium, the shrinking ceases. 
But later, the slow penetration of glucose 
begins to be significant. Glucose is the only 
solute present in the outside medium, and 
the concentration of glucose in the solution 
is greater than in the protoplasm. Conse- 
quently glucose slowly enters the cell. This 
disturbs the equilibrium that was reached 
when the plotoplasm stopped shrinking. As 
glucose enters, the water concentration in- 
creases in the outer solution and decreases in 
the protoplasm. Consequently, the entrance 
of glucose is continuously accompanied by 
an entrance of water. Gradually, therefore, 
deplasmolysis occurs, and finally the plant 
cell regains its normal turgor. 

Animal cells, crenated in hypertonic solu- 
tions of slowly penetrating solutes, likewise 
do not remain crenated. Gradually such cells 
also regain their original volume. In fact, an 
animal cell, lacking the protection of a strong 
external wall, may continue swelling, and 
may undergo cytolysis in a solution that orig- 
inally was distinctly hypertonic. 


ACTIVE TRANSPORT MECHANISMS 


Diffusion and osmosis do not by any means 
account for all exchanges between cells and 
their surrounding fluids. Many cells display 
a remarkable capacity to accumulate certain 
substances and to exclude other substances 
against the natural tides of diffusion. For ex- 
ample, many marine algae accumulate iodine 
up to a concentration that is more than a 
million times greater than that of the sea. 
Also, as was mentioned previously, the cyto- 
plasm generally is exceedingly rich in potas- 
sium (K+) and poor in sodium (Nat), com- 
pared to the lymph, or sap, or other fluid 
around the cell; and fresh-water protozoan 
cells force water to pass into the contractile 
vacuole, from the cytoplasm, where the water 
concentration is considerably lower. Such 
phenomena do not “contradict” the laws of 
diffusion and osmosis any more than lifting 
the law of gravity. 


a weight “contradicts” 
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They merely mean that the cell is expending 
energy in forcing the molecules or ions of a 
particular substance to move against a con- 
centration gradient. But when a substance is 
moved “against the diffusional tide,’” some 
other kind of energy, derived from metab- 
olism, is being expended by the cell. Thus if 
metabolism is temporarily suspended or de- 
pressed, as by asphyxiation or by poisoning, 
the cell loses its capacity to work against the 
tide; and now the laws of sumple diffusion 
and osmosis hold full sway. 

Precisely how a cell manages to “pull in” 
some substances and to “push out” others 
represent questions that cannot be answered 
very precisely at present. However, intensive 
research is currently being devoted to these 
problems and some progress can be reported. 

Pinocytosis and Phagocytosis. Pinocytosis 
and phagocytosis, the active processes of cellu- 
lar ingestion, were described briefly in Chap- 
ter 2. Essentially they are similar, since each 
involves an inpocketing of the cell membrane 
and an internal pinching off of a fluid-filled 
vesicle, or vacuole, which may then be car- 
ried to other regions of the cytoplasm. How- 
ever, phagocytic vacuoles are relatively larger 
and they always contain one or more micro- 
scopically visible particles, such as bacteria, 
coagulated organic matter, or other solid 
food materials. Phagocytosis represents the 
standard method by which protozoans and 
certain other cells ingest solid materials— 
as will be described more fully in Chapter 7. 

Pinocytic vacuoles display no visible par- 
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Fig. 6-8. Pinocytosis in a common Amoeba. Based on 
the observations and records of S. O. Mast and W. L. 
Doyle, at Johns Hopkins University in 1934. 
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ticles suspended in their fluid content. They 
are relatively small, ranging from ] to 2 mi- 
crons in the common amoebae (Fig. 6-8) 
down to 0.1 to 0.0] micron, in certain other 
cells (Fig. 6-9). Pinocytosis may represent an 
Mportant mechanism by which cells actively 
take in dissolved substances, particularly 
macromolecular organic matter, Lrom the ex- 
ternal mediun.. 
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Fig. 6-9. Pinocytosis, observed by electron microg- 


raphy, in an absorptive cell in the lining of the smoll 
intestine of a suckling mouse. Note thot the cell mem- 
brone is deeply ond complexly folded and thot the 
pinocytic vocuoles oppeor to originate from the deep 
ends of the in-pocketings. The descriptive term “‘brush 
border cells’ is often opplied to cells of this type. 
(Courtesy of Sam. L. Clark, Jr., School of Medicine, 
Washington University, St. Louis. Totol mognification, 
18,000.) 


The contents of a pinocytic or phagocytic 
vacuole cannot be considered as part of the 
protoplasm, however, since these materials 
are segregatecl within the vacuolar mem- 
brane. Moreover, it still is somewhat problem- 
atical as to how intravacuolar materials 
may be dehvered into the protoplisin proper. 
Water and other relatively small molecules 


undoubtedly escape by diffusion and osmosis, 
since these vacuoles shrink and swell accord- 
ing to the tonicity of their fluid content (p. 
131). Thus proteins and other macromolecu- 
lar substances may escape from the vacuole 
after they have been digested, or hydrolyzed, 
into their micromolecular constituents (p. 
129). In other cases, however, it seems prob- 
able that the macromolecules may be ad- 
sorbed upon the vacuolar membrane and 
that subsequently the membrane may Irag- 
nent into pieces that become incorporated 
into the endoplasmic reticulum of the cell. 

A close relationship between pinocytosis 
and phagocytosis has been demonstrated re- 
cently by studies on amoebae, made by Heinz 
Holter and collaborators of the Carlsberg 
Laboratory in Copenhagen. The amoebae 
were placecl in a protein solution that in- 
duces very active pinocytosis for about 30 
minutes, whereupon this activity comes to a 
halt. Such amoebae, now placed in a densely 
populated suspension of small ciliated proto- 
zoans, were able to phagocytize only a very 
few of these favorite food organisms, al- 
though ordinarily they would have ingested 
the ciliates in great numbers. Conversely, 
amoebae that had phagocytized to exhaus- 
tron in a dense suspension of ciliates showed 
little or no tendency to pinocytize when sub- 
sequently placed in protein solutions. In each 
case, apparently, the amoebae had used up 
almost all of their available supply of cell 
membrane materials during the period of 
very active pinocytosis or phagocytosis. Con- 
sequently scarcely any was left to be utilized 
for further activity. 

The same Danish workers also observed 
that if glucose, as well as protein, is included 
in the solution being pinocytized, the protein 
is taken into the cell preferentially—to a 
tenlold extent. Such glucose as is taken In, 
however, freely diffuses forth from the pino- 
cytic vacuoles into the surrounding cyto- 
plasm, whereas the protein does not. The 
protein, in fact, appears to be adsorbed and 
bound to a mucoprotein component (p. 
117) of the vacuolar membrane; subsequently 


this material sloughs off into the vacuolar 
cavity as a microscopically visible mass of 
coagulum (Fig. 6-9). It was possible to follow 
the translocation of the protein and glucose 
because, in each case, the molecules were 
radioactively labeled (p. 142). Thus when the 
amoebae, after proper fixation, were placed 
upon a sensitive, fine-grained photographic 
plate, a localization of the sites of radioac- 
tivity and an estimation of the intensity, or 
concentration, could be made. 

Water Transport Mechanisms. Many cells 
are naturally exposed to a fresh-water en- 
vironment from which, as a result of steep- 
ness of the concentration gradient, water 
tends to enter the protoplasm with consider- 
able force. Plant cells, of course, possess very 
strong encasing walls and are able to develop 
a counteracting force, in the form of turgor 
pressure. But animal cells must expend en- 
ergy, either to exclude the water or to pump 
it out after it has entered. 

Very little 1s known about the mechanisms 
olf water exclusion, although they must be 
important in certain cases—as in the skin 
cells of multicellular fresh water animals, 
particularly the fresh water fishes and am- 
phibians. Unicellular animals, on the other 
hand, employ the contractile vacuole (Fig. 
6-6) as a water-eliminating device. 

The ability of a contractile vacuole to 
contract appears to depend upon the forma- 
tion of a gelated photoplasmic layer immedi- 
ately surrounding the vacuolar membrane 
and bordering the confluent channels leading 
into the vacuole (Fig. 6-6). Thus the pump- 
ing activity of the vacuole is abolished by 
agents, such as high hydrostatic pressure, that 
are known to cause a drastic solation of pro- 
toplasmic gels generally, as has been shown 
by D. A. Marsland, of New York University, 
in America and by J. A. Kitching, of the 
University of Bristol, in England. The for- 
mation of such contractile gel structures is 
an endothermic operation that cannot be 
performed unless the cell provides energy 
from its metabolism. Moreover, each poten- 
tial bonding site in such a gel structure (Fig. 
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4-23) appears to be blocked off by a shell ol 
densely packed, closely adsorbed water mole- 
cules, and this must be dispersed before the 
site becomes effective in forming a gelational 
bond. In short, these and other data led to 
the tentative conclusion that a gelational 
phenomenon underlies not only the me- 
chanical pumping action of the contractile 
vacuole, but also its action in picking up 
water, during solation, and giving it up, dur- 
ing gelation, in a continued cycle of activity. 
But precisely how the gel delivers water into 
the vacuolar cavity remains an_ unsolved 
problem. 

lonic Transport Mechanisms. As previously 
stated, a relatively high concentration of cer- 
tain ions, particularly potasstum (Kt), 1s 
maintained within the cell, as compared to 
its surrounding medium; and a relatively 
low concentration of other ions, particularly 
sodium (Nat), is hkewise maintained. The 
maintenance of these differentials is very 
important in the life of the cell. ‘They de- 
termine the electrical potential of the cell 
membrane (p. 191), which in turn determines 
cellular excitability (p. 190). But to create and 
preserve these important differences In ionic 
concentration, which usually are some !0- to 
30-fold in magnitude, the cell must expend 
considerable metabolic energy in forcing or 
holding the appropriate ions against the 
steep diffusional gradients. 

Despite intensive research upon ionic 
transport mechanisms, not much progress 
has been made. As a cloak for ignorance, one 
may speak of a “potassium pump” or a “‘so- 
dium pump,” but these terms merely desig- 
nate rather than explain the basic phe- 
nomena. Among current theories, perhaps 
the most plausible postulates the existence 
of one or more “ion carrier molecules” that 
are energized by metabolism as they shuttle 
back and forth across the surface membrane. 
One such theory, proposed by T. J. Shaw, of 
Cambridge University, assumes that the 
same organic molecule carries both sodium 
and potassium ions. At the deep surface of 
the cell membrane, this carrier is assumed 
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to pick up sodium ion (Na+) and to receive 
energy from the subjacent cytoplasm. .\rriv- 
ing at the external membrane surface, the 
carnier then discharges the sodium, along 
with the charge of energy, whereupon the 
carrier is free to pick up potassium (K+) 
and transport i¢ back to the cytoplasm. But 
even though it is dificult to provide convinc- 
ing experimental evidence in support of any 
particular jonic transport theory, the fact 
remains that cells cannot aflord to lose their 
ionic differentials, particularly with refer- 
ence to potassium and sodium ions. If me- 
tabolism is damped oll, as by anaesthetics or 
by certarn other drugs, the cell membrane 
potential gradually drops away and the ca- 
pacity of the cell to respond to stimulation 
disappears (Chap. 11). 


SUMMARY 


since a plasma membrane, which is semi- 
permeable, intervenes between the proto- 
plasm and surrounding solutions, each ty pica! 
cell isles inimy “of the attributes of an 
osmotic system. Any substance that can pene- 
trate the membrane will tend to pass out of 
the cell if it is more concentrated inside than 
outsides it will vend to: pawdito-tive cell al 
the outside concentration is greater. The end 
products of destructive metabolism, such as 
carbon cloxide, water, and other simple sub- 
stances, are all able to pass freely through 
the membrane. Due to their constant produc- 
tion, the concentrations of these substances 
inside the cell tend to be higher than outsicte 
and consequently they continuously tend to 
leave the protoplasm. Substances that are 
used up in metabolism, such as oxygen or 
glucose, tend to enter the cell from the sur- 
rounding solution. The very fact that these 
substances are consumed or converted imto 
other substances as metabolism  proceecls 
tends to keep their concentrations in the 


protoplasm generally lower than in the out- 
side medium. The products of constructive 
metabolism, on the other hand, are mainly 
colloidal substances (proteins, polysaccha- 
rides, phospholipids, etc.) that cannot pene- 
trate the membrane. Consequently these 
essential components of the protoplasm can- 
not escape clespite their relatively high in- 
ternal concentrauions. 

The water equilibrium between the cell 
and its environment assumes a very critical 
importance: first, because water ts by far the 
most abundant substance both inside and 
auimle the cell; and second. because water 
penetiates the cell membranes much more 
rapidly than most of the solutes present in 
the ‘Svstem,. Plant celis arequently sive an 
rest actter,. but: such cells ire -provected 
against a rapid and lethal influx of water 
from the surrounding hypotonic solution by 
the strength of the cell wall. This permits 
the development of a turgor pressure high 
enough to counteract the osmotic force under 
which the water continues to seek entrance 
into the cell. Animal cells, in contrast, can- 
not be maintained in a hypotonic medium 
unless some special mechanism like the con- 
tractile vacuole is present to deal with excess 
water aS [astas it enters: liv liv pertonic solu- 
gons both plant and animal cells are equally 
vulnerable. No cell can lose too high a pro- 
portion of its water without suffering irre- 
versible deterioration, 

Jon transport mechanisms, by which a cer- 
tain ion may be forced to move against an 
wdyerse <cdiflusional, gradient... enable cells: to 
develop and maintain a high content of po- 
tassium and a low content of sodium ions, 
relative to surrounding media. Orcher active 
transport mechanisms, particularly pinocy- 
tosis und phagocytosis, permit individual 
cells to take in macromolecular types of or- 
ganic substances that are not able to pene- 
trate through the surface membranes. 
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TEST QUESTIONS 


Define the term osmosis. What is the basis for 
describing the typical cell as a minute os- 
motic system? 

What is diffusion; how is it energized? 
State the general law that governs the direc- 
tion of diffusion. 

Explain why the solute and solvent (in the 
system shown In Fig. 6-2) continue to diffuse 
in opposite directions until equilibrium is 
reached. 

Explain why the plasma membrane is typical 
of semipermeable membranes generally. 
Arrange the following substances in an order 
that will designate their relative speeds in 
penetrating the plasma membrane: sucrose, 
oxygen, proteins, sodium chloride, glucose, 
starch, and ether. 

Name three factors that have an important 
bearing on the capacity of a substance to 
pass through the plasma membrane. 
Assuming that pure water is separated from a 
protein solution by a membrane that Is 
permeable to water but not to protein, how 
would the system approach equilibrium? 
Assuming that a cell is immersed in pure 
water, how would the system approach equi- 
librium? 

In addition to the fact that water can trav- 
erse the plasma membrane more readily than 
most of the solutes ordinarily present inside 
and outside the cell, what other factor places 
the burden of attaining equilibrium mainly 
upon water? 

Explain the respiration of an amoeba (Fig. 
6-4) on the basis of diffusion. What is the 
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common law that determines the movement 
of both the O. and the CO,? 
What is an isotonic solution? Give one spe- 
cific example. What determines the balanced 
exchange of water hetween the cell and such 
a solutionr 
A solution that is tsotonic to one cell is not 
necessarily isotonic to another. Explain. 
Carefully identify each of the following 
terms: (a) cytolysis, (b) plasmolysis, (c) crena- 
tion, (d) deplasmolysis. (e) turgor. 
In each of the following cases. what observ- 
able changes would be expected to occur 
when the cells are placed in the specified 
solutions: 
a. an amoeba in a very weak (hypotonic) 
salt solution 
b. a red blood cell in the same solution 
a plant ccll] in the same solution 
d. a plant cel] in a strong (hypertonic) 
salt solution 
e. a plant cell in a hypertonic glucose 
solution 
a red cel] in a hypertonic salt solution 
ge. a red cell in a hypertonic glucose so- 
lution 
h. an amoeba in a hypertonic glucose so- 
lution 
Carefully explain the effects described in 
parts a, b, c, d, e, and f of Question 15. 
Distinguish between active and passive mech- 
anisms of transport. 
Specify three types of active transport mech- 
anism. To what extent are these mechanisms 
understood? Explain. 
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DA) Cells 
and Ther Nutritron 


NUTRITION includes all processes that 
have to do with obtaining and utilizing 
food—and obviously these matters are very 
important in every living thing. In animals, 
food furnishes the only source of energy; and 
in all organisms, food is the only source of 
matter for sustaming and increasing the ly- 
ing structure. Without food no plant or ani- 
mal can maintain life, except during periods 
of virtual dormancy. 

A food is any substance that an organism 
obtains from its environment and wtilizes, 
directly or induvectly, tn its metabolism. 
Some foods serve primarily as protoplasmic 
fuels whereas others serve as raw materials 
for the synthesis of essential protoplasmic 
compounds; but every food in one manner 
or another participates in the metabolism of 
the organism. Sometimes the food substance 
may pass without change directly into the 
cells, but often it must undergo chemical al- 
teration (that is, digestion) before the cleriva- 
tives may be absorbed. Moreover, it 1s neces- 
sary to realize that when we speak of a “food” 
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in common language, we usually are refer- 
ring to a mixture of many food substances. 
Steak, for example, consists of a high propor- 
lion of water, a variety of inorganic salts, 
considerable amounts of protein, fat, and 
carbohydrate, and a number of other indi- 
vidually distinct food substances. Only a few 
of the foods of man are highly purified sin- 
gle compounds, such as table salt and sugar. 
Moreover, what is a food for one organism is 
not necessarily a food for another (Table 7-1). 


MODES OF NUTRITION; THE ANIMAL vs. THE 
PLANT 


Typical animals and plants are distin- 
guished by very fundamental differences in 
their nutrition. Green plants require only 
morganic foods, but animals must obtain at 
least a miniwm of organic foods, in addition 
to their inorganic requirements. Water, car- 
bon dioxide, an assortment of the inorganic 
salts, and sometimes oxygen are all that the 
green plant needs as raw materials for the 
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Table 7-1—Principal Food Substances—Sources and Uses in Organisms 





Food Substa nces 





WViAtGhe 544 wees 


Carbon dioxide. . | 


Proteins 


Carbohydrates 


Fats: (lipids). =. <:. 


Vitamins 


Principal Uses in the Organism 





Essential for oxiclation of organic com- 


pounds in both plants and animals; 
oxidative metabolism important as a 
source of energy 

An essential structural component in 
all protoplasm and body fluids; par- 
ticipates in many metabolic reac- 
tions; used by green plants for the 
synthesis of glucose 

Used mainly by green plants as a source 
of carbon in the synthesis of glucose 
and other organic compounds. Ani- 
mals, however, possess a_ limited 
ability to “fix” CO, (p. 152) 


Essential components 1n all protoplasm 
and body fluids. Take part in many 
metabolic reactions. Ions determine 
the electrical conductivity and mem- 
brane potential in cells generally 

Animals derive their essential amino 
acids from protein foods; whereas 
plants can synthesize all their amino 
acids. Animals also obtain some en- 
ergy from protein foods 

Animals utilize carbohydrates in syn- 
thesizing essential protoplasmic com- 
pounds; plants synthesize these com- 
pounds from CO, and H,O. Carbo- 
hydrates yield energy on oxidation, 
in both plant and animal cells 

Animals require fatty foods for synthe- 
sis of essential compounds; plants 
derive these compounds indirectly 
from CO, and H.O. Fats yield energy 
(on oxidation) in animals and (to a 
limited extent) in plants 

Essential structural components in the 
protoplasm. Generally serve as co- 
enzymes or prosthetic constituents 
in various intracellular enzymes 





Usual Source 


Present in the atmosphere and 
(in solution) in the waters of 
the earth; liberated by green 
plants 

Abundant in the environment as 
soil lake water, etc.; 

present 1n virtually all natural 
foods 


water, 


Abundant in the environment as 
a component of the atmos- 
| phere and (dissolved) natural 
| waters; plants diminish, ant- 
- mals replenish the carbon d1- 
| oxide of the environment 
| Abundant in the environment as 
_ components of the soil, and as 
solutes in natural waters; pres- 
ent in almost all natural foods 


Protein parts and remnants of 
other organisms. Ultimate ort- 
gin mainly from the plants 


Ultimate origin mainly from 
plants 

| 

| 

| 

Ultimate origin mainly from 


plants 


Synthesized by plants (see Chap. 
18) 
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synthesis of the various organic components 
of its protoplasm, and the typical plant can 
live and grow indefinitely so long as these 
simple foods are available. But an animal 
cannot do this; an ammal’s food require- 
ments are on a higher level of complexity. 
Compared to plant cells, animal cells have 
more limited powers of synthesis, and animal 
metabolism cannot be maintained in the ab- 
sence of organic foods such as preformed 
proteins (or amino acids), carbohydrates, 
lipids, and! vitamins (Table 7-1). 

Animals generally are quite similar as to 
their food requirements, and the same is true 
for green plants. Accordingly, the nutrition 
of the typical animal is referred to as holo- 
zoic nutrition in contrast to the holophytic 
nutrition of green plants. 

The holozoic mode of nutrition is assoet- 
ated with the development among animals 
generally of many structures and activities 
not found among plants. The animal must 
obtain organic loods, and these compounds 
exist mainly in the bodies and remnants of 
other organisms. Therefore the animal is 
constantly faced with the necessity of finding 
and apprehending other organisms. This 
necessity has cletermined an evolution of 
highly developed sensory, nervous, and mus- 
cular structures, which are so characteristic 
of animals, but not of plants. The essential 
foods of a plant are all inorganic substances 
that are widely distributed in the environ- 
ment. The plant does not have to seek them 
out. Rooted to a single locality, a typical 
plant remiains constantly in cirect contact 
with all its necessary foods. 

Other structures generally present in ant- 
mals, but absent im plants, are the organs of 
the digestive syStem. A digestive system. ts 
necessary in animals because most organic 
foods, such as proteins, are colloidal in their 
molecular dimensions. Such macromolecules 
cannot be absorbed into the cells of the ant- 
mal until they have been digested into the 
micromolecular units of — their 
Therefore typical animals possess a digestive 


strue ture. 


cavity wherein the colloidal coniponents ol 


the lood are chemically broken up in prepa- 
ration for absorption. 


NUTRITION OF UNICELLULAR ANIMALS: 
HOLOZOIC NUTRITION 


One-celled animals, such as Amoeba, sus- 
tain themselves in a fashion that is strikingly 
analogous to the nutrition of larger animals, 
meluding man. In obtatming and utilizing 
food, and im disposing of the waste products, 
wl] animals perform essentially the same 
processes and achieve essentially the same 
ends. Accordingly it is possible to describe 
the nutrition of Amoeba, man, or any other 
typical antmal under the same eight head- 
]. ingestion, 2. digestion, 3. absorp- 
tion, t. egestion, 5. distribution, 6. metabo- 


ings: 
lism, 7. respiration, and 8. excretion. 
Ingestion. The amoeba, as seen in a drop 
of pond water, slowly approaches its living or 
nonliving food, engulfing the entire miass. 


PSEUDOPODIUM 








FOOD CUP 
FOOD VACUOLE 





Fig. 7-1. Amoeba ingesting a flagellate. 


Gradually the pseudopodia extend around 
the food, forming a food cup (Fig. 7-1), and 
finally, when the lip of the cup closes, a food 
vacuole is formed. ‘This primitive digestive 
cavity now contains a quantity of pond water, 
together with the organic food, which is to 
be digested (Fig. 7-2). Essentially, in short, 
ingestion by the amoeba represents a type of 
phagocytosis, such as was described previ- 
ously (p. 121). 





Fig. 7-2. Amoeba ingesting a living ciliate (dark oval 
body). The pseudapodia are about to close around the 
prey. The magnification is so great that only a small 
part of the amoeba can be seen. Photograph retauched 
to clarify the outlines. (Encyclopedia Britannico Films, 
Inc.) 


Ingestion 7s the process by which an ani- 
mal takes food into its digestive cavity. Al- 
though the method of ingestion varies in dif- 
ferent animals, the end result is always the 
same. A paramecium (Fig. 7-3) swims about 
by means of its cilia, which also serve to 
sweep bacteria and other finely suspended 
particles of organic food along the oral 
groove, clown the gullet, and into the food 
vacuole (Figs. 7-3 and 7-4). Or a frog catches 
a fly with a swift thrust of the tongue and 
carries its prey into the mouth for swallow- 
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ing. Or a man manipulates his food with im- 
plements and introduces it into the upper 
part of the digestive tract. Whatever the 
method, the result 1s quite the same. Food 1s 
taken mto some spccial cavity where diges- 
tion will begin. 

Digestion. The crystalloidal components 
of the amoeba’s food, such as water or salt, 
do not require digestion. Such foods are 
absorbed directly from the digestive cavity 
into the surrounding protoplasm, without 
preliminary preparation. But the colloidal 
molecules of proteins, polysaccharides, fats, 
etc., cannot penetrate the vacuolar mem- 
brane; and such molecules must be frag- 
mented before they can be absorbed into the 
protoplasm. In every typical animal, diges- 
tion is a series of hydrolytic decompositions, 
promoted by enzymes secreted into the di- 
gestive cavity, whereby the initially nonab- 
sorbable (colloidal) components of the food 
are converted into absorbable (crystalloidal) 
end products. 

Digestion in the amoeba begins as soon as 
digestive enzymes are secreted by the proto- 
plasm into the food vacuole. Only traces of 
these enzymes are necessary. The digestive 
enzymes of amoebae and other animals in- 
clude several proteases. These proteases hy- 
drolyze the proteins of the engulfed food, 
liberating amino acids that dissolve in the 
vacuolar water. Likewise there are carbohy- 
drases, which act upon carbohydrates, digest- 
ing them mainly into glucose, and lipases, 
which convert the fats into glycerol and 
fatty acids. All these end products of diges- 
tion are quite soluble in the aqueous content 
of the vacuole and all are capable of pene- 
trating the vacuole membrane. 

The digestive enzymes of lower animals, 
such as the amoeba, and those of higher ani- 
mals, including man, display many similari- 
ties. In the amoeba, curing the first 10 min- 
utes of digestion, the content of the food 
vacuole clisplays a distinctly acid reaction, 
indicating that some acid is secreted into the 
vacuole along with the enzymes. ‘This acid 
phase of digestion in the amoeba has its 
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CILIA 


TRICHOCYSTS 


ENDOPLASM 
ECTOPLASM 


PELLICLE 


RADIAL CANALS 


CONTRACTILE VACUOLE,EMPTYING 
ORAL GROOVE 
UNDULATING MEMBRANE 


8 
af 
Pr 


MICRONUCLEUS pS. 


eR y 
Pore oad 


GULLET ie 
CONTRACTILE VACUOLE 


FOOD VACUOLE, FORMING 
FOOD VACUOLE 


ANAL SPOT 





POSTERIOR END 








ate a ere nal te 


Fig. 7-4. Living paramecia, photographed at a 
mognification of about 250 diameters. In the 
posterior (broader) end of the lower specimen 
one con see several food vacuoles (grouped 


Fig. 7-3. 
Note that even a single cell can display a rother complex 
organization. Mony of the trichocysts and cilia have been 
omitted, to simplify the drowing. Actually these structures 


Poramecium, a very familiar one-celled animal. 


around the contractile vacuole) and trichocysts 
(olong the posterior margin.) The upper speci- 
men is in the act of turning ond shows the 
oriented beating of the cilia, and the oral 


ore uniformly distributed throughout the whole surface. 


counterpart in digestion aus it occurs in the 
human stomach. In the human stomach loocd 
Is subjected to the action ol an acid gastric 
juice, which contains a very active protease, 
pepsin. Probably pepsin, or a pepsiniike pro- 
tease, 1s also present in one-celled animals, al- 
though the specific digestive enzymes ol the 
amoeba have not been tsolated. due to the 
technical difhculties of handling such small 
organisms. During the later stages of diges- 
tion, the vacuolar content becomes distinctly 
alkaline. This indicates that the later-acung 
proteases, us well as the lipases and carbo- 
hydrases of the amoeba, are similar to the 


groove. (Bausch and Lomb Optical Co.) 


well-known intestinal enzymes ol Ingher ani- 
mals (Table 5-1). 

Absorption. Absorption, in animals, 75 the 
process by which food substances pass from 
the digestive cavity into the body proper. In 
fact, the digestive cavity can be regarded as 
a poruion of the environment that is encom- 
passed by the animal. While the food remains 
in the digestive cavity, it does not subserve 
any useful function. Accordingly, digestion 
is merely a preliminary to absorption. 

In the amoeba, as in organisms generally. 
diffusion and osmosis play an nnportant role 
in absorpuon. After digestion, the content of 


the food vacuole consists of an aqueous so- 
lution of simple sugars, amino acids, glycerol, 
fatty acids, etc. These substances can pene- 
trate the vacuole membrane, and as a result 
of digestion, each of the end products tends 
to reach a relatively high concentration in 
the vacuolar fluid. But these substances are 
constantly consumed or altered by metab- 
olism, anc therefore they remain at a rela- 
tively low level in the protoplasm surround- 
ing the vacuole. Accordingly, each food 
substance tends to diffuse spontaneously from 
the vacuole into the cell. In some cases, how- 
ever, absorption may be accelerated by active 
transport mechanisins. 

The water and inorganic salts included in 
the vacuole at the time of its formation are 
also absorbed into the protoplasm, the former 
very rapidly and the latter very slowly. Ini- 
tially the pond water that is engulfed along 
with the organic food is distinctly hypo- 
tonic. Thus a newly formed vacuole tends to 
shrink for several minutes, by losing water 
to the surrounding protoplasm. But later the 
vacuole enlarges, because the soluble end 
products of cligestion accumulate, making 
the vacuolar fluid hypertonic to the proto- 
plasm. Finally, however, the vacuole under- 
goes a permanent shrinkage, owing to the 
slow absorption of organic solutes together 
with a quantity of water sufficient to keep 
the vacuolar fluid isotonic with the proto- 
plasm. Eventually just a smal) vestige of the 
vacuole remains, and such an “old” vacuole 
contains only a few residual granules of non- 
digestible material. These digestive wastes 
cannot be absorbed and must be ejected from 
the cell. 

In higher animals, food substances are ab- 
sorbed into the blood and lymph rather than 
directly into the protoplasm; and among 
animals generally, diffusion and osmosis are 
important in the absorption of substances 
from the digestive cavity, although other fac- 
tors may modify the situation. In the higher 
animals also, there is always a residuum of 
nonabsorbable material that must be elimi- 
nated from the digestive cavity. 
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Egestion. Egestion represents the elimina- 
tion of nonabsorbable materials from the 
digestive cavity. In the amoeba, egestion is 
essentially the reverse of ingestion. The 
nearly empty food vacuole comes into con- 
tact with the cell membrane at any point, 
and suddenly the vacuolar granules are 
spilled into the outside medium. In the para- 
mecium, an old vacuole circulates in the 
cytoplasm until it reaches a fixed point, 
called the anal spot (Fig. 7-3). At the anal 
spot, which is situated near the posterior end 
of the paramecium, the pellicle is relatively 
weak, or perhaps absent; and egestion can 
occur as it does in the amoeba. Higher ani- 
mals generally possess a tubular digestive 
passage, and egestion, or defecation, occurs 
through the anal opening. 

The composition of the egestive wastes, or 
feces, varies according to the food habits of 
the particular animal. Herbivorous animals 
always have large remnants of cellulose from 
the woody parts of ingested plant tissues. 
This potential source of glucose (from the 
hydrolysis of cellulose) is partly lost, how- 
ever, because cellulase is not included among 
the digestive enzymes of most animals. Car- 
nivorous diets leave smaller residues of in- 
digestible materials, such as bone and gristle: 
and in all animals small quantities of salts 
and water escape absorption. 

Distribution. Distribution represents the 
transportation of substances throughout the 
body of the organism. In animals, absorbed 
foods must be carried from the digestive 
cavity to the other parts at a rate commen- 
surate with the metabolic needs. Also, meta- 
bolic wastes must be transported to the site 
of elimination, and hormones and other sub- 
stances must be carried from part to part in 
the body. 

Distribution is not a very serious problem 
in one-celled animals, because diffusion is 
adequate to disseminate the foods and other 
substances within such narrow limits. But 
larger animals have developed circulating 
fluids, such as blood and lymph, which accel- 
erate the distribution. 
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In the amoeba, absorbed foods can diffuse 
quite rapidly throughout the cytoplasm and 
nucleus. Moreover, the protoplasm constantly 
flows, as the moves in search of 
food, and the protoplasmic streaming tends 
to accelerate distribution. 

Metabolism. Metabolism—the sim total of 


all chemical processes occurring m the pro- 


amoeba 


toplasm of an organism—represents the most 
essenuial phase of nutrition. All other nutri- 
tronal processes are quite accessory to me- 
tabohsm, they merely provide the 
materials for metabolic activity, or remove 
the metabolic wastes. 


since 


Metabolism accomplishes two main objec- 
tives 1 every organism: (1) 1t liberates en- 
ergy, which finds tangible expression in the 
movements and other activities of the organ- 
ism; and (2) it achieves the synthesis of new 
organic compounds, which are necessary for 
the growth and maintenance of protoplasmic 
structure. On tlus basis, in fact, the metab- 
ohsm of each organism 1s subdivided into 
two major parts: (1) catabolism, which in- 
cludes all decomposition (exothermic) reac- 
tions and provides energy for the organism; 
and (2) anabolism, which embraces all syn- 
thetic (endothermic) reactions and creates 
new organic components in the protoplasm. 

The metabolism of even the simplest cell 
involves a wide variety of chemical changes, 
catalyzed by a correspondingly wide variety 
of intracellular enzymes. And although quite 
a few matabolic reactions have been dupli- 
cated outside the cell, many details of inter- 
mediary metabolism, especially in lower ani- 
mals, are still unknown. 

Regardless of details, we do know that food 
substances in the protoplasm of an animal 
cell, such as the amoeba, are launched upon 
a series of chemical changes. In an anabolic 
direction, these reactions give rise to new 
proteins, lipids, carbohydrates, ete.; and 
these substances, together with absorbed 
water and salts, become organized into new 
protoplasm as the organism grows. Simul- 
taneously, many organic foods are oxidized 
and decomposed in other ways. The energy 


from catabolism not only goes to sustain the 
mechanical and other work of the cell, but 
also activates anabolism, whtch as a whole is 
endothermic. Moreover, the metabolism of 
the amoeba produces a number of waste 
products, which are referred to collectively 
as the metabolic (or excretory) wastes. 

The metabolic wastes of the amoeba and 
other animal cells include water, carbon di- 
oxide, simple nitrogenous compounds such 
as ammonium salts, and a variety of other 
inorganic salts. Water and carbon dioxide 
are produced from the oxidation of all or- 
ganic foods, since hydrogen and carbon are 
always present in these compounds. Nitro- 
genous wastes, however, are derived entirely 
from the decomposition of nitrogen-contain- 
ing compounds, chiefly the amino acids. 
Other inorganic salts—such as sulfates and 
phosphates—result from the decomposition of 
compounds containing sulfur (for example, 
certain amino acids) and phosphorous (for 
example, phospholipids), ete. 

Respiration. Without oxygen the metab- 
olism of the amoeba and other animal cells 
may continue for a time, but without oxida- 
tive metabolism the intracellular reserves 
of ATP and other immediately available 
sources of energy (p. 143) are soon exhausted, 
and metabolism as a whole begins to falter. 
In addition, carbon dioxide must be dis- 
posed of before it accumulates to toxic levels. 
This continuous exchange of gases,in which 
oxygen enters and carbon dioxide leaves the 
cell, constitutes the process of respiration. 
Unless respiration continues, aside from rela- 
tively short interruptions, most cells begin 
to die of asphyxiation. 

Unicellular animals do not expend energy 
in obtaining oxygen or in disposing of carbon 
dioxide. In fact, among animals generally, 
respiration proceeds on a diffusional basis, 
although higher animals have circulatory 
fluids, such as blood, which carry Os and CO, 
between the cells and environment. In the 


"Many biologists prefer to use the term respiration 
more broadly, to include what here is designated as 
oxidative metabolism, 


amoeba, however, O, and CO, are exchanged 
directly between the protoplasm and the sur- 
rounding pond water (see Fig. 6-4). 

Excretion. Excretion is the process by 
which metabolic wastes (excluding carbon 
dioxide) are eliminated from the organism. 
The excretory wastes (p. 138) are not very 
toxic, unless they accumulate in the proto- 
plasm, but waste products are produced so 
constantly during metabolism that most ani- 
mals can only survive a few hours if excre- 
tion fails to occur. 

Except for water, the excretory wastes of 
amoeba and other one-celled animals are 
eliminated by diffusion. Owing to metab- 
olism, such wastes as ammonium salts and 
other salts reach a higher concentration in- 
side the cell than outside. Accordingly, these 
waste products pass out to the environment 
spontaneously. But the amoeba is forced to 
expend energy to eliminate water, since the 
surrounding pond water is distinctly hypo- 
tonic to the protoplasm. The total quantity 
of water eliminated by the contractile vacu- 
ole represents the sum of two parts: (1) the 
larger part, which constantly enters the cell 
by osmosis from the hypotonic outside me- 
dium, and (2) the smaller part, which is pro- 
dluced metabolically from the oxidation of 
hydrogen compounds in the protoplasm. 

In higher animals the blood stream serves 
as an intermediary in excretion as well as in 
respiration. The metabolic wastes pass into 
the blood from the cells all over the body, 
ancl are carried to the kidneys, or other ex- 
cretory organs, where excretion finally occurs. 


METABOLISM, A DYNAMIC EQUILIBRIUM 


Recent studies, stemming from the bril- 
liant work of the late Rudolph Schoen- 
heimer of Columbia University, have forced 
biochemists to the conclusion that the or- 
ganic components of an animal’s body are in 
a dynamic state of flux—to a most astonish- 
ing clegree. Schoenheimer, in 1938, was 
among the first to use food substances labeled 
with tagged atoms (p. 142) as a means of 
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following their metabolic fate. He fed his 
animals (rats) with amino acids labeled with 
heavy nitrogen (N°) and fatty acids labeled 
with heavy hydrogen (H?) and traced the rate 
at which these organic compounds became 
incorporated into the various tissues of the 
body. The amazing conclusion that must be 
drawn from this and many similar experi- 
ments is that the amino acids are rapidly 
incorporated into the proteins all over the 
body, even when no increase in total pro- 
tein 1s occurring; and a similar incorporation 
of the fatty acids into the fat deposits also 
occurs. In fact, the calculations show that 
the whole protein content of the body, strik- 
ing a general average, is broken down and 
rebuilt again about four times a year, al- 
though the proteins of some structures (for 
example, the liver) show a much more rapid 
turnover than those of others (for example, 
bone). In other words, each animal is not 
exactly the same individual from day to day, 
at least in a chemical sense; and what has 
been found true for man and other higher 
animals must certainly be even more appli- 


cable to one-celled animals, such as the 
amoeba and paramecium. 
Metabolic Reactions of Animal Cells. 


Typical animals, regardless of their size and 
complexity, exhibit the same eight funda- 
menta] nutritive processes. In fact, the pat- 
tern of holozoic nutrition is coextensive with 
the animal kingdom, since it depends upon 
the kind of metabolism that characterizes 
animals. The metabolic enzymes of animals 
are generally similar, although many specific 
differences have arisen in the course of evo- 
lution. In short, stmilar enzymes and similar 
metabolic processes have been inherited by 
practically all members of the animal king- 
dom. 

Constructive Metobolism: PROTEIN SYNTHESIS. 
A most vital problem faced by every cell is the 
necessity to synthesize its Own unique pro- 
tein structures—the protein components of 
its genes, ribosomes, enzymes, membrane sys- 
tems, and so forth. In fact, the distinctive 
characteristics of each kind of cell are pre- 
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served and perpetuated mainly by the mech- 
anism of protein synthesis. In these processes 
both DNA and RNA play roles of paramount 
importance. 

How the cell achieves an exact replication 
of its DNA, or genic components, is a prob- 
lem that will not be considered until later 
(Chap. 27). Here, however, 1¢ 1s important to 
know that such replication operates to pre- 
serve the sequence of organic bases (Fig. 7-5) 
in every part of every DNA unit. This means 
that the adenine (A), cytosine (C), guanine 


(G), and thymine (T) are arranged in a pre- 


cisely determined, though widely varying, 
order along the sugar-phosphate skeleton in 
each segment of the elongate nucleic acid 
molecule. 
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Fig. 7-5. 





The base sequence in the DNA of a cell 
likewise determines the sequence of bases in 
its RNA (Fig. 7-5). The RNA is synthesized— 
mainly, at least—in the nucleus, although 
later much of it is transported to the cyto- 
plasm, where protein synthesis must also 
occur. In the nucleus, presumably, when a 
new RNA unit is formed, the basic constitu- 
ents of a prospective RNA molecule are care- 
fully lined up in relation to a master tem- 
plate, provided by some segment of the DNA 
(Fig. 7-5). This alignment determines the 
base sequence in the RNA product because 
it always follows a definite rule, namely the 
base-pair rule. According to this rule, only 
certain pairs of the purine (adenine and 
guanine) and pyrimidine (cytosine, thymine, 
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Postulated mechanisms of protein synthesis. The sequence of organic bases in template RNA 


derives from that of the chromosomal DNA, in obedience to the base-pair rule. This rule states that 
only certain base-pairs can affiliate with one another: cytosine with guanine (C—G), adenine with thy- 
mine (A—T), and adenine with uracil (A—U). The pick-up of particular amino acids by transport RNA is 
determined by a partly known triplet code; e.g., AAA deals with phenylalanine; UUA with asparagine; 
AAU with isoleucine; etc. Thymine, although present in DNA, is absent in RNA; and uracil, present in 
RNA, is not present in DNA. Dotted lines indicate points of affinity among the specified canstituents of 


the system. 


and uracil) bases possess chemical affinity for 
one another: cytosine for guanine (C-—G), 
adenine for thymine (A—T), and adenine 
for uracil (A—U)-—as is shown in Figure 7-5. 
This important generalization was first pre- 
dicted by F. H. C. Crick, of Cambridge Uni- 
versity, in England, working in conjunction 
with J. D. Watson, now at Harvard Univer- 
sity. From the base-pair rule it follows that 
the line-up of bases in a newly synthesized 
unit of RNA is predeterniined by the line-up 
of bases in the DNA master template in a 
chromosome of the cell. 

At this point it is not possible even to sum- 
marize the long trail of evidence that has led 
to two important conclusions: (1) that RNA 
plays a dominant role in the synthesis of 
enzymes and other protein components in the 
cell and (2) that the specificity of each pro- 
tein produced is cletermined by the base 
sequence of the particular RNA unit that 
participates m the synthesis (Fig. 7-5). The 
code of this system—which popularly has 
been called the code of life—is currently in 
process of being solved, as will be explained 
more fully later (Chap. 27). It 1s, apparently, 
a fairly simple code, constituted of the four 
bases (A, C, G, and U) arranged in varying 
order in groups of three (Fig. 7-5). Each 
triplet—of which there are 64 (44 4) 
varlations—appears to exert an attractive 
force upon a particular amino acid. How- 
ever, some of the triplets may be neutral and 
some amino acids may display affinity for 
more than one triplet. Thus it has been 
found that triplet AAA 1s capable of picking 
up the amino acid phenylalanine, UUA picks 
up asparagine, and AAU picks up zsoleucine 
—as is shown in Figure 7-5. At present the 
system has not been fully decoded, but in- 
tensive current research will doubtless soon 
yield more complete information. Already it 
is known, indeed, that the code is widely if 
not universally employed in nature and that 
it enables each cell to transmit its own genic 
instructions from the chromosomes to the 
sites where enzymes and other important pro- 
tein components are being synthesized. 
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The processes of protein synthesis are not 
very simple, however. Undoubtedly, the r7bo- 
somes (Fig. 2-13) are very active and essential 
parts of the system. These particles, which 
are generally affiliated with the endoplasmic 
reticulum, display a very high (40 to 60 per- 
cent) content of RNA, and the ribosomal 
RNA is of very high molecular weight (3 to 
4 million). There are, however, two other 
fractions of RNA in the cytoplasm, as will 
be explained more fully in Chapter 27. One 
of these, called transport RNA, is of low 
molecular weight (2 to 3 thousand) and this 
fraction can migrate freely throughout the 
cytoplasm. Moreover, much recent evidence 
indicates that this micromolecular fraction of 
RNA is first to affiliate with the separate 
amino acids, according to the triplet code. It 
seems highly probable that these freely dif- 
fusible RNA units serve to pick up and to 
transport the different amino acids to the 
ribosomal surface (Fig. 7-5). Coming to the 
surface of a ribosome, presumably, the trans- 
port RNA becomes aligned, according to the 
base-pair rule, with a template fraction of 
RNA (Chap. 27). Thus the template RNA 
serves to determine the anino acid sequence 
in the finished protein product, and _ this 
sequence in turn determines the specific na- 
ture of the final protein. 

But many problems still remain. Energy 
must be provided for the synthesis, and this 
appears to be derived from the ATP reserves 
(p. 143) of the cell. In any case, protein syn- 
thesis does not occur in preparations of dis- 
integrated cells, unless ATP is present. More- 
over, the rate of protein synthesis falls off 
rapidly when ribonuclease, an enzyme that 
destroys RNA, is added to the medium. It is 
not known, however, how the serially aligned 
amino acids become linked together, form- 
ing an elongate peptide chain. It 1s, to be 
sure, essentially a process of dehydration syn- 
thesis; that 1s, a molecule of water 1s split 
away each time a peptide bond is formed. 
Furthermore, the efficiency olf the process 
must be high, as has been demonstrated by 
the recent work of Richard Schweet, of the 
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Kentucky Medical School, working in con- 
jencuion with H. M. Dintzis, of the Massa- 
chusetts Institute of Technology. During the 
synthesis of the red blood-cell protein, /iemo- 
globin, according to this study, about two 
wimino acids per second are added to the 
growing peptide chain, so that a finished 
hemoglobin molecule, consututed of 150 
amino acids, is produced within less than 
one and a half miniuttes. 

Saul another problem of protein synthesis 
must be mentioned. Belore afhliation with a 
Duntiewiat unit ol RNA. each 
MUNG cist -be elise dio) 7-0), 1S 
first was shown by M. B. Hoagland, of Har- 
vard University. 


Transport 


A distinctively dillerent 
activating cn7yme appears to be required for 
each ol the different amino acids being util- 
ived for protein synthesis. But the coding in- 
strctions areccarried Dyan RNAs Vhs, for 
example, Severo Ochoa and co-workers at the 
New York University Medical School devised 
a method by which RNA ol known composi- 
fiom can attiictally be-swudiesizett;. amc NI. 
W. Nurenberg, working with J. H. Mathaei, 
ol a National Institute of Health, in be- 
thesda, Md., utilized such a sample of RNA 
for protein synthesis. In this case, the arti- 
ficial (template) RNA consisted entirely of 
-——UUU— triplets and consequently only one 
amino acd, phenylalanine, became incorpo- 
rated during the formation of the peptide 
clin. However, introducing a lew —UUA— 
triplets into the template structure permitted 
the —AAU— units of the transfer system to 
biing «a few molecules of another amino acid, 
isoleucine, into the peptide series (Fig. 7-5). 

Undoubtedly the mechanisms ol protein 
synthesis are generally similar in plant and 
animal cells, but there 1s one unportant dif- 
ference. Plant cells can synthesize all of the 
different amino acids, starting entirely at the 
morganic Jevel—lrom water, carbon dioxide, 
and imorganic silts (paruicularly nitrates, 
sulfates, and phosphates). The animal cell, 
on the other hand, can utilize morganic 
forms of nitrogen (ammonia and ammonium 
salts) only to a limited extent. Animal cells 


i 
H—C— OH + HNH, 
| 
COOH 
lactic acid ammonia 
a 
deamination | amination 
! 
. 
H—C—NH, + HOH 
| 
COOH 
amino acid water 
(alanine) 


Fig. 7-6. The animal cell has the ability to utilize 
inorganic nitrogen (ammonia or ammonium salts) for 
the formation of a limited number of amino acids. 
The amino acids in this group, which con be synthe- 
sized and which, therefore, do not need to be 
acquired as preformed substonces, are designated as 
the nonessential amino acids. The essential amino 
acids must be present as preformed substances, in 
the food or its derivatives (see Table 7-2). 


can manutlacture some kinds of amino acids 
in this manner (Fig. 7-6); and these kinds are 
culled nonessential. The other kinds, 1n con- 
trast, cannot be synthesized by animal cells. 
They must be obtained by the animal as 
ready-made, or preformed substances, und 
consequcntiy “they are ‘relerred’ to x5, the 
essential amino acids (Table 7-2). Moreover, 
since all of the amino acids are 
needed for the synthesis of anv complete pro- 
tein molecule, every animal must include 
some protein food in its basic diet. Only by 
eating plants or other animals that have fed 
cirectly or indirectly upon plant proteins can 
the animal obtain, through the media olf in- 
gestion, digestion, and absorption, an ade- 
quate supply of che essential amino acids; 
these cannot be generated in the cells of its 
own bocly. 

OTHER SYNTHETIC Processes. Although the 
cells of animals, as compared to those of 
typical plants, have a relatively lower capa- 


different 


Table 7-2—Essential Amino Acids 


These cannof be synthesized by animal cells and, 
therefore, must be included os preformed units in the 
protein foads of the animol. 




















H 
| 
R—C—COOH 

| 

NH. 
Threonine CH.. CHon— 
Phenylalanine Om — 
Lysine —(CH.),—CH. 
Typtophan ee CH 
Valine Sie ah 
Methionine | CH, »CH. 
Leucine SHE. CH—CH,— 
Isoleucine eucine | CH,— 


city for organic synthesis, the amene capa- 
bility of the animal is by no means negligi- 
ble. The purine and pyrimidine bases, 
needed for the manufacture of nucleic acids, 
can be formed from catabolic fragments of 
the glucose molecule (Fig. 8-5) together with 
ammonia (or ammonium salts). Some pre- 
formed organic bases, particularly the pyri- 
micdines, may also be utilized, if they are 
present in the food of the animal. Inorganic 
phosphate may be used in the synthesis of 
nucleic acids and phospholipids. Moreover, 
animal cells generally possess efhcient enzyme 
systems for the manufacture of its various 
essential sterol] compounds (p. 77). 
Complex carbohydrates, particularly gly- 
cogen, which is a very common type of fuel 
stored in animal cells, can be derived by de- 
hydration synthesis from absorbed glucose, of 
course, or from glucose generated from cer- 
tain amino acids, subsequent to their deami- 
nation (Fig. 8-10). In man and other verte- 
brate animals, large reserves of glycogen may 
be found in the muscles and liver, deposited 
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in the form of microscopic granules, and 
these reserves may be replenished if the ani- 
mal eats adequate quantities of either carbo- 
hydrate or protein foods. 

True fats can be synthesized directly from 
glycerol and fatty acids, absorbed from the 
digestive cavity. Or they may be manufac- 
tured indirectly, in which case the animal 
obtains the glycerol and fatty acids from 
metabolic fragments clerived from glucose or 
from certain amino acids, subsequent to 
deamination (Fig. 8-10). Thus it is common 
knowledge that an animal can “get fat” by 
overeating not only fatty foods, but carbo- 
hydrate and protein foods as well. 

Starting with organic precursors, animals 
generally can synthesize various other sub- 
stances, including hormones (Chap. 22), 
which may be important in particular cases. 
But no animal can synthesize its own vitamin 
requirements. Consequently the vitamin com- 
pounds must be present, as such, in the daily 
diet (Chap. 18). The initial synthesis of vita- 
mins occurs in plants, and this is another 
instance of the dependence of animals upon 
the synthetic capacities of plants. 

The growth of protoplasm implies more 
than the synthesis or direct acquisition of es- 
sential component substances. ‘The substances 
must be organized and oriented tn relation to 
the protoplasmic structure—a process that is 
vaguely referred to as assimilation. Also there 
are trace elements, particularly copper, man- 
ganese, ancl cobalt, which must be present, 
even though in exceeclingly small amounts. 
Apparently these metals serve as specific ac- 
tivators in certain of the enzyme systems of 
the cell. 

Destructive Metabolism. ‘The principal or- 
ganic substances absorbed by animal cells are 
simple sugars, glycerol, fatty acids, and the 
amino acids. All these are high-potential 
compounds, capable of hberating consicler- 
able energy (p. 81). The decomposition of 
organic compounds in the protoplasm 1n- 
volves a variety of chemical processes as, step 
by step, energy 1s liberated for the use of the 
cell. Finally, when the catabolism of the 
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organic compound 1s completed, it has been 
decomposed into simple, maimly inorganic, 
end products—and a certain quantity of 
energy has been made available to the proto- 
plasm. Carbohydrates and fats, as previously 
stated, yield energy amounting to 4 and 9 
Cal per gram, respectively, and the end 
products of carbohydrate and fat catabolism 
are solely carbon dioxide and water. Proteins 
(and amino acids), like carbohydrates, yield 
approximately + Cal per gram of energy, 
when completely catabolized. The end prod- 
ucts of protein catabolism, however, in addt- 
tion to carbon dioxide and water, include 
simple nitrogenous compounds, such as am- 
montium salts and urea (from the amino 
fractions, pp. 84 and 342), as well as sulfate 
and phosphate salts (from the sulfur- and 
phosphorus-containing proteins). 





Many aspects of metabolism are sumilar in 
the cells of animals, plants, and other orgin- 
isms generally, and these basic patterns of 
cellular metabolism will be considered sepa- 
rately, in Chapter 8. Deamination reactions, 
however, are particularly characteristic ol 
animal cells, because these cells olten absorb 
a greater quantity of amino acids than they 
need for protein synthesis. 

Deaminotion. The most important usage of 
amino acids in each cell is for the synthesis 
of its own essential protein structures. But 
animals also clerive energy from amino acids, 
if the quantity absorbed exceeds the construc- 
tive requirements. 

This catabolism of amino acids in animal 
cells is achieved mainly by a series of oxida- 
tron reactions. Before oxidation occurs, how- 
ever, the amino fraction is split off from each 
amino acid molecule. In man and certain 
other higher animals, such deaminations lead 
to the formation of urea, a very important 
nitrogenous waste (see p. 342). But in most 
lower animals, ammonia (or ammonium 
salts) results from deamination, and this 1n- 
organic end product becomes the chief ni- 
trogcnous waste. 

The process of deamination is not identical 
in all cells, as is shown by the behavior of 


the enzymes (deaminases) extracted from dif- 
ferent tissues. Frequently, however, deamina- 
tion represents an oxidative reaction in which 
one molecule of water participates ancl one 
molecule each of ammonia (NH3) and of 
hydrogen peroxide (H2O.,) are formed as by- 
products. This may be shown in the follow- 
ing equation: 


CH: 

| 

CH *NH2 f H2O ote O« 
| 

COOH 


amino acid 
(alanine) 


amino acid 
oxidase 


t 
C=O + NH; -+ H2Oz 
| 


COOH 
deaminated ammania hydrogen 
campaund peroxide 
(pyruvic 
acid) 


Neither the peroxide nor the ammonia 
produced m such deaminiutions ever accu- 
mulates to toxic levels in the protoplasm. 
The disposal of the peroxide as it forms Is 
effected by catalase, which catalyzes the 
liberation: Ob free oxyeen- (see p. 99)- Phe 
ammonia quickly is bound, forming am- 
monium salts (for example, NH,HCOQ,), 
which are the chief nitrogenous wastes of 
Jower organisms. 

In man and other animals, another method 
of deamination (see p. 34]) is employed, and 
the main nitrogenous waste resulting [rom 
the catabolism of the «amino acids is urea 
(Di 2322): 
solid is very soluble in water, and may reach 
lairly high concentrations in the urine, espe- 
cially when the diet is rich in protein foods. 

Hydrolysis. Hydrolytic reactions (p. 89) 
occur frequently in catabolism. Hydrolyses 
are important in the mobilization of glucose 


This odorless, wiitte. crystalline 


from the glycogen reserves of the cell, and in 
the splitting of stored fat into glycerol and 
fatty acids, as a prelude to the oxidation of 
these products. Proteins, once formed in a 
cell, are seldom hydrolyzed; that is, animal 
cells normally sacrifice only excesses of ab- 
sorbed amino acids to meet their energy re- 
quirements. But during starvation, when all 
reserves of carbohydrate and fat have been 
exhausted, cells may hydrolyze their struc- 
tural proteins and use the resulting amino 
acids for energy. This, however, is only a 
stopgap procedure. If it continues very long 
the living structure will be destroyed beyond 
repair, and the cell is bound to die. 


SUMMARY 


‘The enzyme system evolved by typical ani- 
mals is not capable of synthesizing proteins, 
carbohydrates, and the other organic compo- 
nents of protoplasm solely from inorganic 
substances. Therefore, animals must obtain 
a constant supply of preformed organic foods, 
particularly the essential amino acids, vita- 
mins, and adequate amounts of organic fuel 
substances if they are to grow—or even if 
they are to maintain normal structure and 
activity. Such organic substances are abun- 
dant only in the bodies and remnants of 
other organisms, and therefore animals must 
resort to a predatory sort of life. An animal 
must possess well-developed sensory, nervous, 
and locomotor faculties, to find and appre- 
hend its foods. And since the bulk of avail- 
able organic foods exists in colloidal form 
(proteins, complex carbohydrates, and fats) 
the animal must have a digestive system in 
which to prepare the food compounds for 
absorption. 

The ultimate source of all energy tn the 
animal body is the potential energy of or- 
ganic compounds, which are absorbed as such 
by the protoplasm. If destructive metabolism 
is suspended, all the more obvious move- 
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ments and activities of the cells come to a 
halt, and all constructive metabolism also 
ceases. The various synthetic reactions in the 
animal cell, being all endothermic in nature, 
depend upon catabolic reactions for the en- 
ergy that makes them proceed. As a whole, 
therefore, the metabolism of the animal is 
destructive in character. Inevitably animal 
metabolism results in a diminution of the 
quantity of organic matter available in the 
environment. Even the growth of an anirnal 
sacrifices part of the existing supply of or- 
ganic matter. Preceding or accompanying 
each upward step there must be a slightly 
larger downward step. Part of the original 
quantity of organic matter must be degraded 
to the inorganic level in order to supply 
energy needed for raising the remaining part 
to a higher level of structural complexity. 
The few pounds or ounces gained by an 
animal in growing to maturity are obtained 
at the expense of a much greater quantity of 
organic matter. The smaller part of this 
material provides matter and energy for the 
synthesis of new components of the proto- 
plasm as the body becomes larger; but the 
greater part is sacrificed in providing energy 
for finding, ingesting, digesting, absorbing, 
and distributing the foods, and for disposing 
of the waste products after they are formed 
within the cells. 

The following chapters will show that the 
metabohsm of animals is complementary in 
many ways to the metabolism of plants. As a 
whole the metabolism of plants is construc- 
tive, so that it replenishes the organic matter 
of the earth. This unique characteristic of 
plants depends upon their ability to draw 
upon the energy of sunlight in supporting 
their constructive metabolism. In short, it is 
the possession of a different set of enzymes, 
among which the green pigment chlorophyll 
is the keystone, that enables plants to base 
their metabolism entirely upon inorganic 
forms of matter. 
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TEST QUESTIONS 


Define each term in such a way that it will 
apply to the nutrition of man and _ the 
(a) ingestion; (b) digestion: (c) 
egestion; (d) absorption: (e) distribution: (f) 
metabolism: (g) excretion; (h) respiration. 

Define the term “food”; explain why glucose 


amoeba: 


is considered as a food among animals, but 
not among plants. 

How would you account Jor the fact that a 
digestive system is generally found in ani- 
mals, but not in plants? 

Explain the similarities and differences be- 
tween the amoeba and paramecium, in re- 
gard to: (a) ingestion; and (b) egestion. 
Clearly distinguish between egestive and ex- 
cretory wastes: (a) in animals generally: (b) 
in an amoeba; and (c) in man. 


Chemically speaking what is the nature of 


g, 
digestion? Specify the end products resulting 
from the digestion of: (a) starch: (b) protein: 
(c) fat; (d) sucrose: and (e) maltose. 

The absorption of glucose (and the other 
end products of digestion) proceeds, partly at 
least, by diffusion. Carefully explain. 

In the amveba, respiration is a diffusional 
phenomenon. Explain in detail. 


To what extent Gf any) does the passage of 
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“HowGells Make Dlolecules.” by VisG. Allfres 
and AS Es Nirsky, in “The Living Cell.” 
cial issue of Scientific American, September 
1961. 

Molecular Basis of Evolution, by C. B. An- 
fhiitsen; Newevork, 1959: 


spe- 


10. 


substances into the contractile vacnole of an 
amoeba proceed on an osmotic basis? Ex- 
plain carefully. 

Distinguish between constructive and destruc- 
tive metabolism, using the terms exothermic, 
endothermic, decomposition, and synthesis. 


I]. Discuss the role of DNA in relation to the 
synthesis ol protein in the cell. 

12. Explain the role of RNA in relation to pro- 
tein synthesis. 

13. Differentiate between transport and template 
RNA, on the basis of molecular weight, lo- 
calization in the cytoplasm, and functional 
role. 

!4. Explain why protein specificity is of para- 
mount importance in every cell. 

15. Specily one source of energy utilized by cells 
for protein synthesis. 

16. Define the term amino acid activating en- 
zyme. How many such enzymes would you 
expect to find in any cell? 

17. Specify the most direct method used by ant- 
mals in synthesizing: (a) polysaccharides; (b) 
lats: and (c) proteins. 

18. Are there any indirect methods by which an 
animal can synthesize: (a) polysaccharides; 
and (b) fats? Explain carefully. 
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Common Pathways of Cellular 


Metabolism 


SINCE World War II, when radioactive car- 
bon (C14), radioactive phosphorus (P8?), heavy 
oxygen (O18), and other distinctively labeled 
atoms began to be available for “tagging” 
organic molecules, biochemists have suc- 
ceecled more and more in unraveling the 
complexities of intermediary metabolism in 
many kinds of cells. Much was known pre- 
viously about the initial and the final prod- 
ucts of metabolism; but now many of the 
intermediary products are coming into focus. 
Intermediary metabolism, to be sure, is a 
difficult field, which extends beyond the 
scope of general biology. However, some 
general aspects of the field are very important 
and these must be considered. 

One broad conclusion seems inescapable. 
Cells generally, regardless of type, display a 
number of basic patterns of metabolism that 
are common to them all. Bacteria, yeasts, and 
molds, and the cells of animals and plants 
—both simple and complex—all possess cer- 
tain sets of enzymes, which determine the 


basic pathways of their metabolism. There 
are, of course, a number of metabolic dif- 
ferences, which distinctively characterize the 
cells of typical animals, plants, and other or- 
ganisms, but these differences are superim- 
posed upon a basic pattern that seems to be 
common -to all protoplasm. . Perhaps... this 
indicates that organisms generally have had 
a common evolutionary origin. At least it 
seems unlikely that the same systems could 
have arisen independently in so many difter- 
ent types of living things. 


ISOTOPE METHODS 


Each of the isotopes of a particular atom 
possesses an iclentical system of planetary 
electrons but a different atomic center. Usu- 
ally the isotopic center is heavier, owing to 
the presence of one or more supernumerary 
neutrons (Fig. 8-1). In the case of hydrogen, 
for example, the dominant form in nature, 
which may be specified as H}, has a single 
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proton and no neutrons in the center (Fig. 
8-1). Deuterium, or heavy hydrogen (H?), in 
contrast, has a neutron in addition to the 
proton; whereas tritium (H*) has two neu- 
trons, as is shown in Figure 8-1. But since the 
planetary system of the atom and its isotopes 
is identical, the chemical behavior is the 
same. Consequently, if heavy hydrogen (H*), 
or radiocarbon (C!4), or any other isotope is 
built into the structure of an organic com- 
pound, the metabolic fate of the compound 
should not be changed; this prediction has 
been substantiated in a great many experi- 
ments, with very rare, not entirely unequivo- 
cal, exceptions. 

Isotopes are most valuable for tagging and 
tracing molecules as they pass through the 
vortex of metabolic change within the cell. 
The isotopic compound and its derivatives 
can be identified and localized by a variety of 
physical methods. Some isotopes, such as H°, 
Ci, and P38? (Table 8-1), are unstable and 
these emit radiation as the atomic centers dlis- 
integrate. Such isotopes and their derivatives, 
therefore, can be localized when a section of 
the cell containing them is brought into con- 
tact with a sensitive photographic plate, as 
was mentioned previously (p. 2]); or they 





may be followed by means of radiation 
meters, such as a Geiger counter. Stable, non- 
radioactive isotopes, such as O!8 or N? 
(Table 8-1), can also be traced by means of 
a mass spectrometer, owing to the fact that 
the atomic mass of the isotope differs from 
that of the common element. Regardless of 
detail, however, it is gratifying to know that 
part of the research in the field of atomic 
energy has been diverted into significant 
peace-time channels. 





s 
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HEAVY RADIOACTIVE 
HYDROGEN HYDROGEN HYDROGEN 
Hy DEUTERIUM © TRITIUM 
(H2, or D) (H? or T) 
Fig. 8-1. An atom and its isatapes passess identical 


planetary electron systems. Therefore they display on 
identical chemical behavior. Differences in the atamic 
centers, hawever, permit the element and its isotapes 
to be distinguished an the basis of weight, radiaac- 
tivity, or ather physical properties. Symbols: —, elec- 
tran; -+-, pratan; +, neutron. 


Table 8-1—Isotopes Useful as Metabolic Tracers 





Principal Field of Use 





Half-Life * 
Symbol (if radioactive) 
H? nonradioactive 
H8 l2byears 
cM 5568 years 
N15 nonradioactive 
O18 nonradioactive 
p3- 1e3.cays 
a 87.1 days 
Ee™ ZO years 
[131 8 days 
Cats 180 days 
Naetakt- 14.8; 12.4 hours 
Cl3s 37 minutes 


Research on water exchanges: general metabolism 
Localization of metabolic activity 

General metabolism 

Metabolism of proteins, nucleic acids, ete. 
Biological oxidations, photosynthesis, etc. 
Metabolism of ATP, nucleic acids, carbohydrates, ete. 
Coenzyme A activity; protein metabolism 
Activity of cytochromes, hemoglobin, etc. 
Functioning of thyroid gland and hormone 
Calcification reactions; ionic activities of calclum 
Active transport mechanisms 

Cell permeability, ete. 





* As the name implies, the half-life of a radioactive isotope specifies the time required for halt of the 


radioactivity of a given sample to be dissipated. 
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ENERGY TRANSFORMATIONS IN THE CELL 


The cell, of course, must have a source of 
energy for supporting not only its move- 
ments, active transport processes, electrical 
activities, and so forth, but also the construc- 
tive phases of its metabolism. One major 
source, which is available to every cell, is the 
energy content of organic molecules present 
in the protoplasm. Generally speaking, the 
energy content of an organic molecule 1s 
much higher than that of the inorganic end 
products of its catabolism. Moreover, the 
larger and more complex the molecule, the 
greater is its fund of potentially available 
energy. All cells derive energy through ca- 
tabolism. In addition, the cells of green 
plants and autotrophic (p. 182) organisms 
generally can utilize other forms of energy 
for the replenishment of their organic fuels; 
but even these cells depend upon organic 
molecules for current, moment to moment, 
expenditures. An important area of inter- 
mediary metabolism, therefore, deals with 
the step-by-step breakdown of organic mole- 
cules and the manner in which the cell de- 
rives energy at each step of this downward 
path. Some of the energy liberated in catabo- 
lism may be utilized for constructive pur- 
poses, however. In fact catabolism and anab- 
olism in the cell are intricately interwoven 
and beautifully integrated. 

[t is important to realize that the same 
thermodynamic laws govern all chemical and 
physical reactions, whether they occur inside 
or outside of the cell. According to the first 
law, the sum of mass and energy remains 
constant as any reaction proceeds. Significant 
mass changes clo not occur in biological sys- 
tems, however, and therefore the first law, in 
essence, states that energy does not diminish 
or increase. But there are two general forms 
of energy; free energy—free in the sense that 
this energy is available for the performance 
of work—and dissipated energy, or entropy, 
which is not available for work. The second 
law of thermodynamics states that during 
any reaction in which energy is being trans- 





formed there is always some loss of free 
energy. In other words, the entropy of a sys- 
tem tends to increase. This means, of course, 
that no energy transaction can be 100 per- 
cent efficient—whether it is carried out by 
the cell for the performance of its work, or 
by an engineer in operating an engine. Some 
energy is dissipated, usually in the form of 
heat, which is lost to the environment. The 
cell, nevertheless, is a chemical machine that 
operates with remarkable efficiency. In trans- 
ferring the energy liberated during the oxida- 
tion of carbohydrate fuel (glucose) to the 
high-energy phosphate reserves (p. 144) of the 
cell, more than 50 percent of the available 
free energy may be conserved. Yet engineers 
have not been able to devise a steam engine 
that can transform more than 30 percent of 
the combustion heat into useful mechanical 
work. 

High-Energy Phosphate Compounds; Ade- 
nosine Triphosphate (ATP). Many cellular ac- 
tivities—the beating of cilia, the twitching of 
muscle, the electrical discharges at cell sur- 
faces, and so forth—are very rapid. They re- 
quire an almost instantaneous mobilization 
of energy. A natural question is therefore: 
how do cells develop energy so quickly? 

Previously it was thought that cells get 
quick energy directly from the oxidation of 
glucose and other fuels. Now, however, it is 
known that oxidations are more concerned 
with storing energy in a form that is ready 
for instantaneous use. Certain compounds 
are used as repositories for this stored energy. 
Especially significant in this regard is a group 
of high-energy phosphate molecules. And 
chief among the high-energy phosphates is 
adenosine triphosphate, or ATP (see p. 90). 

ATP and other high-energy phosphate com- 
pounds possess a unique distinction. All 
possess one or more special chemical struc- 
tures, called high-energy phosphate bonds. 
Ordinary phosphate bonds, like that of glu- 
cose-phosphate, represent the binding of 
considerable energy (about 2 Cal per gram 
molecule). But high-energy phosphate bonds, 
for which a special symbol (~) has been de- 
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vised, represent the binding of a much 

greater amount. In fact, the high-energy 

phosphate bond holds some four times more 

energy, or about 8 Cal per gram molecule. 
This il we write: 


Adenosine Monophosphate (AMP) 
(Adenosine—Phosphate) 


it indicates that the compound AMP pos- 
sesses just an ordinary phosphate bond; 
whereas if we write: 


Adenosine Diphosphate (ADP) 
(Adenosine—Phosphate ~ Phosphate) 


it tndicates that ADP has one energy-rich 
bond, in addition to the ordinary one: and if 
we write: 


Adenosine Triphosphate (ATP) 
(Adenosine—Phosphatc~ Phosphate~ Phosphate) 


it shows that ATP has two high-energy bonds, 
as well as one ordinary hnkage. 

Phe ALP accumulhitionsoba-eell represent 
a very Important fund of quickly available 
energy which can be used for a wide variety 
of purposes. When needed, the energy 1s lib- 
erated by the splitting of the high-energy 
bonds. This is a hydrolysis reaction. It re- 
quires an appropriate enzyme (an .\TP-ase); 
ancl it produces one molecule of inorganic 
phosphate for each of the energy-rich bonds 
that 1s broken. It may be written: 


ATP -- HO 
ATP-ase 


ADP + inorganic phosphate + E(8 Cal) 


Fritz A. Lipmann, working at Harvard 
University, shared a Nobel Prize (1953) partly 
on the basis of his pioneer work on the 
energy-rich bonds of ATP; and since then the 
importiimce of the APP system has been 
demonstrated in many kinds of cells. It now 
is known that ATP provides energy for such 


diverse cellular activities as muscle contrac- 
tion, cihary beating, amoeboid movement, 
bioluminescence, and cell division. But 
equally important, ATP provides energy for 
synthesizing complex organic compounds, 
and it serves to spark a number of important 
catabolic reactions. Moreover, many meta- 
bolic activities are Mainly concerned with re- 
storing, maintuning, and expanding the in- 
(racelhilan ese) Cae Dy 

Oxidative Metabalism. The over-all oxida- 
tion of an organic compound such as glucose 
may be stated very simply, by specifying the 
initial and end products of the reaction for 
example: 


C,H}205 + 602 
glucose oxygen 
over-all 
oxidation 


6H»O + 6COz + E(4 Cal/g) 
woter carban energy 
dioxide 


But such an equation merely shows that, 
when the oxidation is complete, all the hy- 
drogen of the original compound has umted 
with oxygen, lorming water, and all the car- 
bon has been liberated as carbon dioxide. 
Nothing is shown of the complex inter- 
nici stages, In tle cell, however, these 
intermediary metibohe reactions are of great 
importance. Each step liberates a certain 
quanuty of energy, which must not be wasted. 
Frequently these bursts of energy go into the 
formation of energy-rich phosphate bonds 
and thus they maintain the energy reserves 
of the cell; or they may assist in the synthesis 
of other compounds. 

Biological Oxidotion: an Oxidation-Reduction 
Series. Fundamentally, when a_ substance 
undergoes oxidation, it loses one or more of 
its electrons. Such electrons do not remain 
free, “however. lnstintaneousty. “they-are 
picked up, or gained, by some other sub- 
stance; and this process of gaining electrons 
is called reduction. Consequently, each oxi- 
dation must occur concomitantly with an 


Common Pathways of Cellular Metabolism - 145 


equivalent reduction. What we commonly 
call an oxidation is, therclore, essentially an 
oxidation-reduction reaction. 

The oxidation of hydrogen (H,) will serve 
as an example. In uniting with oxygen (O.), 
each hydrogen atom loses one electron and 
each oxygen atom gains two, thus forming 
the compound H.O. In essence, therefore, 
while the hydrogen is being oxidized, the 
oxygen is simultaneously being reduced. 

Oxygen, however, is not the only substance 
in the cell that is able to accept, or gain, 
electrons—thus to act as an oxidizing agent. 
Eventually, the electrons given up while 
various organic substances are undergoing 
oxidative metabolism are delivered to oxy- 
gen. But meanwhile, the electrons are passed 
serially from one organic acceptor to another 
and the cell derives useful energy at virtually 
every step. 

‘The tendency of a substance to be oxidized 
—that is, to yield up electrons—can be meas- 
ured by bringing a solution of the substance 
into contact with an clectrode that has a 
standardized potential for giving up or taking 
on electrons. By such measurements the oxi- 
dation-reduction potential of a particular 
substance may be specified. Thus it has been 
found that the total flow ol electrons from 
compound to compound in the cell is always 
dlownhill—from compounds of higher to 
compounds of lower potential. There is an 
ever-flowing cascade of electrons that con- 
tinues to liberate energy, and much of this 
energy goes to maintain and expand the 
high-energy phosphate reserves of the cell. 
Accordingly, oxidative metabolism, in large 
measure, may be described as oxidative phos- 
phorylation. 

It is important to realize that in giving up 
an electron an organic compound likewise 
tends to give up hydrogen: the hydrogen that 
previously was bonded to the molecule by 
the now missing electron. Thus biological 
oxidations usually involve dehydrogenation. 
Furthermore, the electron acceptor com- 
pound likewise serves, at least usually, as a 
hydrogen acceptor, and there are a number 





of important acceptor compounds in every 
cell (below). Many biological oxidations, ac- 
cordingly, are dehydrogenation reactions, 
and a variety of specific enzymes, the dehy- 
drogenases, are present in every cell. In ac- 
cepting hydrogen, along with one or more 
electrons, the acceptor becomes reduced, as 
is shown in Figures 8-2 and 8-3. 








1 
H—C—H oxidized 
| 5 5 acceptor 
H—C—OH TPN or DPN 
COOH 
lactic acid 
loctic ~2e— 
dehydrogenase | - 2HT 
i 
Peony reduced 
| mi acceptor 
ae TPN- H, or DPN- H, 
COOH 


pyruvic acid 
oxidation product 


Fig. 8-2. Certoin dehydrogenases (e.g., lactic de- 
hydrogenase) act only upon substrates possessing a 


particular moleculor configuration, nomely H—C-——OH. 


This group transmits electrons (and hydrogen) mainly 
to DPN or TPN (p. 145). Pyruvie acid, the oxidation 
product, is a very important intermediary metabolic 
derivative (see Figs. 8-5 and 8-7). Above reaction, in 
reverse, represents a reduction, rather thon an oxi- 
dation. 


Primary Acceptors of the Cell. The primary 
oxidizing agents in the cell—that is, sub- 
stances that pick up electrons and hydrogen 
as these are discharged from various catabo- 
lizing substrates—are a group of four 1m- 
portant nucleotides: (1) Diphosphopyridine 
Nucleotide (DPN); (2) Triphosphopyridine 
Nucleotide (TPN); (3) Flavin Adenine Di- 
nucleotide (FAD); and (4) Flavin Mononu- 
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COOH 
face H FAD 
| a or 
ied : FMN 
COOH 
succinic acid axidized 
succinic —-2e 
dehydrogenase | — 2H* 
COOH 
i FAD: H, 
| + ar 
a FMN- H, 
COOH 
fumaric acid reduced 


Fig. 8-3. Another group of dehydrogenases, here 
represented by succinic dehydrogenase, only 
upon substrotes possessing the molecular configuro- 


tion H—C——H This group performs most of its trans- 


| 
H=G=H 


actions with FAD or FMN (p. 147). 


acts 


cleotide (FMN). In each of these molecules 
one of the B vitamins (p. 348) 1s represented: 
niacin (in DPN and TPN) and riboflavin (in 
FAD and FAN). 

In-essence; the acceptor nuclcotdes:- serve 
as cofactors, acung in conjunction with the 
dehydrogenase envymes of the cel]. Each ful- 
fills its role by alternately undergoing reduc- 
tion and oxidation ma continually repeating 
lashion. The clectrons (and hydrogen) re- 
ceived [rom a substrate are continually passed 
on from one acceptor to another of lower po- 
(entre. “ind: thes enersssiberated ay each 
transaction is conserved by the ccll in the 
form of newly formed high-energy phosphate 
bonds (Fig. 8-4). 

The dehydrogenases are quite specific—not 
only mn reference to the molecular configura- 
gion of the substrate, but also in regard to 


the acceptor nucleotide to which a transfer o! 
electrons and hydrogen can be made. Some 
(for example, lactic dehydrogenase, Fig. 8-2) 
require One-ly per Or configuration, namely 


H—C—OH, and this group olf enzymes trans- 


acts business mainly with the pyridine nnu- 

cleotides (DPN and TPN). But another 

group, represented by succimie dehydrogen- 

ase (Fig. 8-3), requires substrates of different 
| 


Hai 
| . and these en- 


eri 
| 


zymes generally employ one of the flavin 
nucleotides (FAD or FIN) as an electron- 
hydrogen accepting agency. Finally, it should 
be noted that the pyridine acceptors (DPN 
and TPN) generally transmit their electrons 
(and hydrogen) to the flavin acceptors (FAD 
and FMIN)—as 1s shown in Figure 8-4. 

The Cytochromes: a Secondary Electron- 
Hydrogen Transmitting System. To a very 
limited extent the flavin acceptors can trans- 
mut hydrogen directly to molecular oxygen.? 
This relatively unimportant pathway leads 
to the production of hydrogen peroxide 
(HO), which ts catabolived through the 
agency of catalase (p. 100). 


configuration, 
H 








By far the greater flow electrons, however, 
passes into the cytochrome system (Fig. 8-4). 
This important clectron-hydrogen transmit- 
ting mechanism, first studied by the great 
English biochemist, David Keilin, of Cam- 
bridge University, consists mainly of a series 
of hemoprotein (p. 321) enzymes, although 
one of the more recently rdentified compo- 
nents (ubiquinone) is not an iron (Fe) com- 
pound. Each successive member of the series 
(Fig. 8-4) displays a greater tendency to ac- 
cept electrons. Thus, as electrons drop from 
level to Jevel in this cascading system, energy 
is generated and utilized for building up the 
high-energy phosphate (ATP) reserves ol the 

Enzymes that catalyze a direct transfer of elee- 
trons and hydrogen to oxygen are called oxidases, 


rather than dehydrogenases. Here, either FAD oxidase 
or FAMOIN oxidase world be involvect. 
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FAD and FMN 
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Cytochrome 


Ubiquinone 
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Cytochrome a 


Fig. 8-4. 
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Electron-hydrogen transmission during oxidative phosphorylation. Eoch time on electron (and hydro- 


gen) posses from higher to lower level, the oxidation energy is conserved ond stored—mainly in the form of 


high-energy phosphate (ATP). 


cell (Fig. 8-4). At the very end, of course, the 
electron-hydrogen pairs are passed on to 
oxygen, forming water as the end product. 
This final direct oxidation cannot occur, 
however, in the absence of another enzyme,’ 
cytochrome oxidase (Fig. 8-4). 

It is difficult to see how such an orderly 
electron transmission system could operate 
unless the component enzymes were built 
into the structure of the cel] in a very pre- 
cisely patterned fashion. Therefore it is not 


2 Cytochrome oxidase is extremely sensitive to in- 
activation by cyanide (CN) compounds, This sen- 
sitivity accounts for the remarkable potency of cyanide 
poisons in inducing death by asphyxiation in cells 
and organisms generally. 


surprising to find that the cytochrome system 
and some of the other enzymes are localized 
in the mitochondria, presumably at fixed po- 
sitions in the internal membranes of these 
complex structures (p. 27). Mitochondria pre- 
pared from disrupted cells—or even frag- 
ments of mitochondria—can still carry on 
oxidative phosphorylation, under the proper 
conditions. Such a preparation will continue 
to utilize oxygen and to build up ATP if 
provided with DPN-H, (as an electron-hy- 
drogen source), plus ADP and _ inorganic 
phosphate. 

In essence the nature of the electron trans- 
fer process can be understood when it is 
realized that the cytochrome enzymes are 
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mainly heme compounds, in which an atom 
of iron (Fe) occupies an important position 
near the center of the molecule. In accept- 
ing an electron, the iron is shifted to the 
recluced (ferrous) state, Fe®+; whereas in 
vielding up an electron it returns to the oxi- 
lized (ferric) state, Fe? +. Thus we can repre- 
sent the essential feature of these reversible 
oxidation-reduction reactions quite simply: 


Fe? + le- <2 Fet+ 


The cytochromes change color as they al- 
ternately undergo reduction and oxidation. 
This 1s analogous to the darkening of the red 
blood pigment, hemoglobin, when it is re- 
duced by lack of oxygen, as it is in venous 
blood. The intracellular color changes of the 
cytochromes are so faint, however, that their 
cletection requires a spectroscope. If a spec- 
troscope is directed upon a tissue that has 
been deprived of oxygen, the spectra of the 
reduced pigments are revealed. Then, when 
adequate oxygen is restored, the character- 
istic spectra of the oxidized cytochromes can 
be detected. 

Although the quantity of primary acceptor 
compounds and cytochromes in a cell is 
small, the rapidity with which these agents 
keep shifting back and forth between the 
oxidized and reduced states provides for the 
delivery of considerable energy. An average 
man, for example, consumes about 260 cc of 


Fig. 8-5. (facing). 


oxygen per minute, which represents the 
flow of some 2.8 10°" electrons in the given 
tume. However, the voltage drop between 
the primary acceptors and oxygen is small 
(about 1.2 volts). Accordingly, it may be cal- 
culated that, on an average, the oxidative 
metabolism of a man generates energy at the 
rate of about 90 watts. This rate is roughly 
equivalent to the consumption of lamp bulbs 
commonly employed for household lighting. 


OTHER METABOLIC PROCESSES 


Oxidations and recuctions, of course, do 
not by any means account for the complete 
metabolism of organic substrates in the cell. 
Now, therefore, we must consider some other 
important processes. 

Phosphorylation and Related Processes. 
Although glucose is an excellent protoplas- 
mic fuel, the glucose molecule must be acti- 
vated before it is launched upon the meta- 
bolic stream. First it receives energy from 
ATP, undergoing phosphorylation, in the 
presence of the enzyme glucokinase, as may 
be indicated as follows: 


glucose -+ ATP 


glucokinase 


glucose-6-phosphate -+ AMP 





Principol pathways of cellulor metabolism. The path from glycogen (or glucose) to pyruvic 


ocid (or loctic acid) is generolly colled glycolysis; whereos the similor route to ethyl olcohol is fermentation— 
both anaerobic processes. Note thot the acetyl CoA complex stonds at the crossroods where corbohydrote, 
protein, ond fot metobolism interconnect with one another. Also note thot free energy liberoted by oxidative 
metabolism, mediated collectively by the enzymes of the Krebs cycle, the primory acceptors, ond the cyto- 
chrome system, is conserved by a build-up in the high energy phosphote (ATP) reserves of the cell. In short, 
these phoses of metobolism occomplish oxidative phosphorylation. Some intermediory steps, now well known, 
have been omitted from the diogrom. Below the level of triose phosphote, only one of the two molecules de- 
rived from a glucose molecule hos been followed. Actually, of course, two acety! units ore derived from eoch 
original molecule of glucose. Three formulos not given obove ore: 


(1) Citric ocid: CH...COOH (2) Oxoloocetic ocid: COH-COOH (3) Triose phosphate: H..C-H.,PO, 
| | | 
COH:COOH CH:-COOH HCOH 


| | 
CH.,-COOH HC—O 
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a secon. activation i also required. 


Quickly, in the presence of appropriate en- 
zymes, the structural arrangement of glucose- 
6-phosphate changes to that of fructose-6- 


phosphate and a second phosphorylation, 
mediated by fructokinase, yields the very 
active compound fructose diphosphate (Fig. 
8-5). Initially, therefore, the energy from 2 
molecules of ATP is sacrificed for the initia- 
tion of carbohydrate catabolism. However, 
in the end, when this catabohsm has run to 
completion, a generous recompense has oc- 
In fact, the high-energy phosphate 
(ATP) reserves are considerably increased 
(Fig. 8-5). 

In passing it should be noted that ATP 
also provides energy when the catabolism of 
faity acids is initiated. In this case, however, 
the reactions are very complex. Suffice it to 
say that the long carbon chain ol a fatty acid is 
mide shorter and shorter by the breaking off 
of a series of 2-carbon (acetyl) units. These 
acetyl units are then passecl on, one at a 
tric, to the Krebs cycle (Fig. 8-5), for final 
oxidation. 


curred. 


Glycogen Synthesis and Glycolysis. In 
many cells, particularly m animals, some 
glucose is converted to glycogen, which rep- 
resents a stable reserve ol carbohydrate fuel. 
Each glycogen molecule is formed from 
many (up to 20,000) glucose units, which 
become chemically bonded into a_ single 
macromolecular structure, as is indicated in 
Figure 8-6. 

In building glycogen, the cell starts with 
phosphorylated glucose. Many of the chem- 
ical bonds of the glycogen molecule (the 1-4 
bonds ol Fig. 8-6) are formed by dephos- 
phorylation; the other (1-6) bonds are gen- 
erated by the dehydration type of synthesis 
(po79). 

Glycolysis may be defined as the partial 
catabolism of glycogen—down to the level of 
pyruvic acid or (in some cells) lactic acid 
(Fig. 8-5). This series of reactions generates 
only about 20 percent of the uselul energy 
avatlable from the total breakdown of carbo- 
hydrate. But no oxygen is required for gly- 
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Fig. 8-6. Part of the macromolecular structure of 


glycogen; relation of glycogen to glucose phosphate. 
Note that the 1-4 bonds of glycogen are ruptured by 
phosphorolysis; whereos the 1-6 bonds are broken 
by hydrolysis. 


colysis. Consequently cells can utilize this 
source of energy under anaerobic conditions, 
in which oxygen is scarce or lacking. A hard- 
working muscle, lor example, expends its 
high-energy phosphate reserves at a very 
rapid rate. Eventually, if adequate oxygen is 
available, the muscle uses oxidative metab- 
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olism for rebuilding its high-energy reserves 
(p. 117). Meanwhile, however, glycolysis pro- 
vides energy more quickly, and this helps to 
prevent any very rapid depletion of phos- 
phate reserves. 

The first step in glycolysis is the liberation 
of many glucose-phosphate units as the bonds 
of the huge glycogen molecule are ruptured. 
As may be seen in Figure 8-6, part of this 
initial breakdown is hydrolytic, but a larger 
part is phosphorolytic. For the rupture of 
the 1-4 bonds of the glycogen structure the 
cell employs inorganic phosphate (H3PQ,), 
rather than water (Fig. 8-6). 

The further steps of glycolysis are quite 
complex and hence will not be explained in 
full detail. It should be noted, however, that 
the pathway of glycolysis has been thoroughly 
explored by the intensive investigations of 
many biochemists, in many countries. 

In brief summary, glucose phosphate un- 
dergoes rearrangement and phosphorylation, 
forming fructose diphosphate, at the expense 
of one molecule of ATP (Fig. 8-5). But now 
energy begins to appear on the positive side 
of the ledger. Each molecule of fructose di- 
phosphate fragments into two molecules of 
triose phosphate (Fig. 8-5). Each triose phos- 
phate undergoes oxidation, gaining energy 
as it passes hydrogen to a primary acceptor 
(DPN). This energy goes into the formation 
of diphosphoglyceric acid, to which tnor- 
ganic phosphate has been bonded (Fig. 8-5). 
The newly formed phosphate bond (in the 
diphosphoglyceric acid) is of the high-energy 
type. It is destined to be transferred to ADP 
—in the reaction that converts diphospho- 
glyceric to monophosphoglyceric acid (Fig. 
8-5)—thus generating a new molecule of 
ATP. If we remember that two triose di- 
phosphates were formed from each origina] 
glucose molecule, it is plain that two new 
molecules of ATP have now been formed, at 
the expense of the one molecule originally 
sacrificed. In short, energy from oxidation 
has been used to achieve high-energy phos- 
phorylation. 

Two additional high-energy bonds are 


suf] to be gained belore glycolysis reaches die 
end point (pyruvic acid; Fig. 8-5). By a com- 
plex set of reactions (Fig. 8-7) phosphogly- 
ceric acid is transformed into pyruvic acid, 
generating energy for the conversion of one 
molecule of ADP to ATP for each of the 
two reacting molecules. Thus there has been 
a net gain of 3 molecules ol ATP for each 
glucose-phospliate unit consumed in gly- 
colytic catabolism. 


' | 
H—C—OH ~H,O H—C—H 
H—C—O— PO,H, ") C—O~PO,H, 
| 
COOH COOH 
phosphoglyceric acid phosphoenolpyruvic 
(2 mol) ocid (2 mol) 
a +2 ADP 
i \ 
H—C—H (3) i= CA 
| <— I 
c=0 C—OH +2 ATP 
| 
COOH COOH 
pyruvic ocid enolpyruvic acid 
(2 mol) (2 mol) 
Fig. 8-7. Set of reoclians that builds up the high- 


energy phasphate (ATP) reserves of the cell. Note that 
energy for building a new high energy bond (~) is 
pravided by reaction 1 and that o transphosphoryla- 
tion (reoclion 2) shifts the high-energy phasphate ta 
ADP, forming ATP. Enolpyruvic acid, being unstable, 
quickly passes to pyruvic (reaction 3). 


The final end product of glycolysis as it 
occurs in a working muscle (p. 435) is lactic 
rather than pyruvic acid. The conversion of 
pyruvic to lactic acid, however, involves a 
relatively simple type of reaction, such as 1s 
shown by the equation on page 145. 

Alcoholic Fermentation. Alcoholic fermen- 
tation is a process utilized by various yeast 
cells (p. J74) in obtaining energy under 
anaerobic conditions. Much of the pathway 
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ol fermentation—all the way down to pyruvic 
acid, in fact—is essentially the same as in 
glycolysis, except that fermentation ordi- 
narily starts with glucose rather than with 
elycogen. Each molecule of the 3-carbon 
compound, pyruvic acid, then 1s degraded 
to the 2-carbon compound ethyl alcohol, by 
a complex decarboxylation reaction, which 
is shown in Figure 8-8, In fermentation, ac- 
cordingly, each original glucose molecule 
gives rise to 2 molecules of alcohol (CH;- 
CH.-OH) and 2 molecules of carbon dioxide 





(CO.); and in the process 2 molecules of 
ADP are translormed tnto ATP, at the ex- 
pense of inorganic phosphate present in the 
cell. 


CH,-CO-COOH| + 


pyruvic acid 


coenzyme, | : 
enzyme, 


thiamine 
carboxylase 
pyrophosphote 


[cH CH;OH] + [€O,] + [BPR] 


ethy! alcohol 


Fig. 8-8. Formation of alcaha!l from pyruvic acid, 
by decarboxylotion. Double arrow indicates two-stage 
reaction; intermediary stages not shown. Decarboxy- 
lation reactions are very important in cellular me- 
tabolism generally. 


Carboxylation and Decarboxylation. ‘The 
complete catabolism of many organic sub- 
strates involves decarboxylation (Fig. 8-8). 
Thus the carbon chain of an organic mole- 
cule may be shortened not only by hydrolysis 
(or phosphorolysis) (Fig. 8-6) and by frag- 
mentation (Fig. 8-5)—processes that break a 
molecule into fairly large pieces—but also 
by decarboxylation which shortens the chain 
just one carbon unit at a time. The cell con- 
tains a number of carboxylases, which cata- 
lyze the decarboxylation of various substrates. 
Also present are the necessary coenzymes, 


especially thiamine pyrophosphate, which co- 
operate in such catalyses. 

The importance of the carboxylases ex- 
tends beyond catabolism, however, many of 
these enzymes can act reversibly. Thus they 
can bring about carboxylation (carbon diox- 
ide fixation), instead of decarboxylation 
(Fig. 8-9). Anabolically, therefore, the car- 
boxylases enable the cell to lengthen the 
carbon chains of various organic substrates 


(Fig. 8-9). 


CO. 
aie ae eat 
Gis we + DPN- H, CH, 
—» ____—---> 
€ ees ce_—_-—- 
oe a ¢ HOH 
COOH COOH COOH 
pyruvic oxaloacetic malic 
acid acid acid 
Tae or 
| a || 
ae 
COOH COOH 
SUCCINIC fumaric 
acid acid 
Fig. 8-9. Fixation of CO. (carboxylation). Note 


that the 3-carbon compound, pyruvic acid, is con- 
verted into the 4-corbon compound, oxaloacetic ocid. 
Reverse of this reaction, of course, is decarboxylation. 


Other reactions show interconversion of some com- 


mon organic acids, by reduction (with DPN:H.) and 
by dehydration (—H.O). 


Amination and Deamination (Fig. 8-10). 
The primary and most important role ful- 
filled by amino acids is to provide compo- 
nents of protein structures (p. 13-4). However, 
some cells particularly animal cells, may ab- 
sorb amino acids in excess of the require- 
ments of protein synthesis. Such excesses mity 
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~ 

CH, 

| glutamic 
CH, + TPNH, + NH,@— 

| aminase 
C=O 

| 

COOH 


a ketoglutaric acid 


COOH 
CH, 


| 
CH, + TPN + H,O 
COOH 


glutamic acid 


Fig. 8-10. A typical amination reaction. The omino 
acid (glutamic acid) is formed from ammonia and on 
organic precursor (a-ketoglutaric acid). Plant cells 
can synthesize all the various amino acids in such 
foshion. Animal cells, however, con use this method 
only for the synthesis of the “‘nonessentiol amino 
ocids.”’ 


be utilized as fuels. But as a prelude to such 
usage, the amino group must be discharged 
from the molecule (Fig. 8-10). The nonnitrog- 
enous organic residuum of the molecule, 
possessing a carbon framework of varying 
length and structural complexity, is then 
launched upon metabolism. Either it may 
be catabolized, yielding a certain quantity 
of energy, or its molecular structure may be 
modified in such a way that it can be uti- 
lized by the cell for the synthesis of carbo- 
hydrate or lipid materials (Fig. 8-5). 
Amination, the reverse of deamination 
(Fig. 8-10), is also very important, All cells 
can utilize inorganic nitrogen, in the form 
of ammonia (NH3) or ammonium salts (for 
example, NH,Cl), for the amination of cer- 
tain organic derivatives of carbohydrate and 
lipid metabolism—as is indicated in Figure 
8-5. Animal cells, however, are limited in 


this regard. They are able to build up cer- 
tain amino acids but not others. The amino 
acids of the latter group, which cannot be 
synthesized, are called the essential amino 
acids (p. 137). These units of protein struc- 
ture must be obtained ready-made, or pre- 
formed, from the protein components of the 
animal’s food. 

The Krebs Cycle; Importance of Coenzyme 
A. A cycle of oxidation-reduction reactions, 
called the Krebs cycle (Fig. 8-5), occupies a 
very important central position in cellular 
metabolism. Another name for this cyclic 
series of reactions is the citric acid cycle, 
since citric acid, an important 6-carbon 
compound, keeps appearing at the beginning 
and reappearing at the end of each complete 
“rotation” of the cycle. The Krebs cycle has 
also been called the energy wheel of cellular 
metabolism. It constantly generates new en- 
ergy, conserved largely in the form of high- 
energy phosphate (ATP), so long as it keeps 
“turning.” But equally important is the fact 
that the Krebs cycle deals not only with the 
metabolic derivatives of carbohydrate ma- 
terials, but with the derivatives of proteins 
and lipids as well (Fig. 8-5). The separate 
parts of the cycle have been recognized for 
many years. However, in 1947, Hans A. 
Krebs, who later shared the 1953 Nobel 
Prize with Fritz Lipmann, first succeeded in 
demonstrating the nature and importance 
of the cycle as a whole. 

Coenzyme A, This remarkably versatile co- 
factor (Fig. 8-11) plays a most important role. 
It serves to transmit a constant flow of actt- 
vated 2-carbon derivatives (activated acetyl 
units) into the Krebs cycle (Fig. 8-5). The ac- 
tive 2-carbon derivative, transferred to the 
4-carbon compound, oxaloacetic acid, pro- 
duces the 6-carbon molecule, citric acid— 
which marks the beginning of a new cycle 
(Fig. 8-12). 

A molecule of coenzyme A (Fig. 8-11) may 
be written, in abbreviation, as CoA-SH, 
since it possesses a terminal sulfhydryl 
(—SH) group, in addition to its other con- 
stituents (adenine, pentose triphosphate, 
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Fig. 8-11. 


and a vitamin, pantothenic acid). This ter- 
minal sulfur group is very active. In the 
series of reactions (Fig. 8-12) by which 
CoA-SH transmits 2-curbon acetyl units to 
the Krebs cycle, a high-energy sulfur bond 
is generated (Fig. 8-12). This bond conserves 
energy from the oxidative decarboxylation 
of pyruvic acid, and the energy is then uti- 
lized in launching activated acety] units into 
the citric acid cycle. Moreover, CoA-SH is 
regenerated for further work each time such 
a transmission is completed (Fig. 8-12). 

It should also be noted (Fig. 8-5) that the 
active acetyl units may originate not only 
from carbohydrate (via pyruvic acid) but 
also from the derivatives of fat and protein 
catabolism. Furthermore, since coenzyme A, 
under proper conditions, can act reversibly, 
it also can initiate the synthesis of protein, 
carbohydrate, and fatty compounds, from 
simpler intermediary metabolites (Fig. 8-5). 

Fssentially the Krebs cycle consists of a 


Molecular structure of coenzyme A. Note the sulfhydryl (—SH) group ond the vitomin (pontothenic 
acid), very important constituents of the CoA molecule. 


series of oxidation (dehydrogenation) and 
decarboxylation reactions by which the 6- 
carbon compound, citric acid. is converted 
to the 4-carbon compound, onaloacetic acid. 
Then acetylation occurs and citric acid is 
regenerated once more. The intermediary 
compounds and reactions are now well 
known. They are very complex, however, 
and will not be considered in detail. For 
each acety] unit (CH,;:-CHO—), obviously, 
two decarboxylations must occur, and 2 pairs 
of electrons (4e— + 4H*+) are passed over to 
the primary acceptors of the cell for final 
transmission through the cytoclirome system 
(Tigs. 8-4 and 8-5). 

The quantity of useful energy generated 
by the Krebs cycle, working in conjunction 
with the primary acceptors and the cyto- 
chrome systems, Is very impressive. Most of 
the energy is conserved by the cell in the 
form of high-energy phosphate (ATP), which 
stands ready for use when the cel] must per- 
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C=O + CoA-SH + DPN 
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COOH 
pyruvic 
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carboxylase, 
II thiamine 
pyrophosphate, 


and ather cofactors 


O 
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CO, + CH,—C~S-CoA + DPN-H, 


active acetyl CoA 
intermediary 
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oe 
CH 


| 
C=O 


| 

COOH, 
oxaloacetic acid 
(4-C compound) 


CH,-COOH 
CHOW: COOH + CoA:SH + DPN | 
CH,-COOH : 


citric acid 
(6-C compound) 


® 
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Fig. 8-12. Coenzyme A (CoA:SH) repeatedly trans- 
mits activated acetyl units to the Krebs cycle. This 
starts the cycle, canverting oxalaacetic ta citric acid 
(Fig. 8-5). As is shawn in Figure 8-5, the acetyl con- 
stituent may come from the catabolism not only of 
carbohydrate, but alsa of pratein and fat. Also note 
that there is a high-energy bond (~) in the acetyl-CoA 
complex and that CoA:SH keeps reappearing as the 
reaction cantinues. 


form mechanical, osmotic, electrical, or 
other kinds of work, or when energy for 


chemical synthesis is needed. Finally, when 
all the carbon of an original glucose mole- 
cule has been discharged as CO, and the 
hydrogen has been oxidized to H.O, a total 
of 16 molecules of ADP have been charged 
with energy—that is, transformed into ATP. 

Some of the Krebs cycle enzymes are lo- 
calized in the mitochondrial membranes and 
others are associated with exceedingly fine 
particles, resolvable with the electron micro- 
scope, suspended in the mitochondrial cavi- 
ties. Much remains to be learned, however, 
about the complex structural organization 
by which the intricately coupled reactions 
between the enzymes and coenzymes of the 
Krebs cycle and those of the primary accep- 
tor and cytochrome systems are executed, 
integrated, and regulated, in subserving the 
needs of the cell. 


SUMMARY 


Catabolism provides the cell with energy 
as 1€ follows a set of basic patterns that are 
generally similar in many (perhaps all) cells. 
Acetyl fragments and other units, derived 
from the breakdown of proteins, carbohy- 
drates, and fats, are transmitted to the enzyme 
system of the Krebs cycle, mainly through 
the agency of coenzyme A (Fig. 8-13). In the 
Krebs cycle, a series of decarboxylation, oxi- 
dation, and acetylation reactions, operating 
in conjunction with the primary acceptors 
and cytochromes of the cell, gradually dis- 
charge the carbon of the original organic 
substrate in the form of COs, and the hydro- 
gen in the form of H,O. At almost every 
step of this delicately mtegrated series of 
reactions, energy is conserved by transmission 
to the high-energy phosphate (ATP) reserves 
of the cell. 

This basic pattern is also very important 
from an anabolic pomt of view. High-energy 
phosphate reserves permit a cell to carry on 
energy-requiring (synthetic) reactions and 
thus to build up the macromolecular con- 
stituents of its structure. Many of the reac- 
tions of catabolism are reversible. The same 
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Fig. 8-13. 


reactions, in reverse, can lead to synthesis, 
provided that a proper source of cnergy and 
precursory substances are on hand. The pat- 
terns of metabolism provide considerable 
facility for the interconversion of substrates 
——proteins into carbohydrates, carbohydrates 
into fats, and so forth. This 1s possible be- 
cause the pathways of protein, carbohydrate, 


CYCLE 


a 


Same major pathways af cellular metabolism. Schematic summary, after Krebs. 


and fat metabolism join each other at a com- 
mon cross road, provided by acetyl coenzyme 
A (Fig. 8-5). By reverse pathways material 
derived from one source (for example, pro- 
tein) may be diverted into another (for ex- 
ample, carbohydrate), in such a manner that 
the cell has great flexibility in its utilization 
of different organic molecules. 


TEST QUESTIONS 


]. What important compounds are represented 
by the following symbols: ATP. ADP, and 
AMP? Specify the number (if any) of high- 
energy phosphate bonds that are present in 
each case. 
How do high-energy phosphate bonds differ 
from ordinary phosphate linkages? What 
symbols ure used to distinguish between the 
two types? 
3. What type of chemical reaction is represented 
by the splitting of high-energy phosphate 


1 


bonds? Give one such reaction. 
4. Specify five different types of cellular ac- 
tivity that derive energy Irom the hydrolysis 


of ATP. What other cellular processes may 
be energized by ATP? 

5. ‘To what extent is it true that many catabolic 
reactions contribute energy toward main- 
taining the ATP reserves of the cell? Ex- 
plain. 

6. Differentiate between oxidation and reduc- 
tion: 

a. in terms of the transfer of electrons 
b. in terms of hydrogen transfer 

7. ‘Provide “an example to illustrate the fact 
that oxidations and reductions are insepara- 
ble, mutually dependent processes. 

8. Under what circumstances will an oxidation- 


i. 


I: 


It 
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reduction reaction occur spontaneously? 
Give an example to illustrate the action of 
any dehydrogenase. Why are dehydrogenation 
reactions important in the cell? 

Explain the term “primary acceptors.” Spe- 
cify four compounds in this category. Dis- 
tinguish among these: (a) as to molecular 
structure; (b) as to vitamin constituents; and 
(c) as to recipients of their electron-hydrogen 
transmission. 

Differentiate between oxidases and dehydro- 
genases. 

Specify four components usually represented 
in the cytochrome system. Explain how the 
cytochrome system operates and why it is 
important in the cell. 

Define the term “decarboxylation.” Give a 
reaction that exemplifies this process. To 
what extent 1s decarboxylation involved in 
the catabolism of glucose? 

Work out the reaction involved when lactic 
acid (CH,-CHOH-COOH) undergoes de- 
carboxylation. Can you specify the organic 
compound produced by this reaction? 

What is the opposite of decarboxylation? 
Explain the importance of carbon dioxide 
fixation. 


2? 
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Dynamic Aspects of Biochemistry, 3d ed., by 
E. Baldwin; New York, 1957. 

“The Metabolism of Fats,” by D. E. Green, 
and ‘“The Structure of Proteins,” by Pauling, 
Corey, and Hayward, in The Physics and 
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Scientific American; New York, 1955. 


16. 


20. 


19 
WO 


Zo 


Explain the term “glucose activation.” What 
sort of reaction is involved in such activa- 
tion? Does the cell gain or lose energy in 
such a transaction? 
Differentiate among 
dephosphorylation and phosphorolysis. Give 
an example of each. 
What is known about the chemical structure 
of coenzyme A? Evaluate the importance of 
coenzyme A in cellular metabolism generally. 
Why is the Krebs cycle also designated: (a) 
as the citric acid cycle and (b) as the “energy 
wheel of cellular metabolism’’? 
What main types of metabolites are even- 
tually catabolized in the Krebs cycle? What 
is the net result of this catabolism? 
What are mitochondria and why are these 
cytoplasmic structures so important? 
Sketch in the metabolic pathways by which 
many cells can convert: 

a. proteins (amino acids) into carbohy- 

drates 

b. carbohydrates (glucose) into fats 

C. proteins into fats 

d. glucose into certain amino acids 
Evaluate the contributions of Fritz Lip- 
mann and Hans Krebs. 


transphosphorylation, 
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Cellular Physiology and Biochemistry, by 
W. D. McElroy; Englewood Cliffs, N. J., 1961. 
“How Cells Transform Energy,” by A. L. 
Lehninger, in ‘The Living Cell,” special issue 
of Scientific American, September 1961. 


Sev utretion of Green Plant 


Cells 


PHOTOSYNTHESIS is the cornerstone 
upon which green plants have built their 
mode of life. Possessing chloroplasts, typical 
plants are able to use light energy as a driv- 
ing force for the primary synthesis of organic 


matter. Starung entirely with inorganic 
materials—water, carbon dioxide, and in- 


organic salts—green plants can synthesize 
all their needed carbohydrates, lipids, and 
protemns, as well-as 2 rich wanieG. Ob other 
organic compounds. In the last analysis pho- 
tosynthesis accounts for the ultimate origin 
of virtually all organic matter. It is esti- 
mated, indeed, that the total synthesis of or- 
ganic compounds by al} the green plants 
of the world represents the utilization of 
more than a billion tons of carbon every 
day. These organic compounds, derived di- 
rectly and indirectly trom. photosynthests 
contiin virtually all the energy that is avail- 
able for the support of life upon this earth. 
This energy supports not only the life of 
the green plants themselves, but also that 
of animals and other organisms. Moreover, 
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photosynthesis maintains the free oxygen 
content of our atmosphere, which otherwise 
would tend to become exhausted. 


MECHANISM OF PHOTOSYNTHESIS 


Much of the light energy absorbed by the 
green parts of a plant is utilized for the 
synthesis of carbohydrate, particularly glu- 
cose. Thus the main pathway of photosyn- 
thesis, taken as an over-all process, can be 
stated very simply: 


6CO2 + 6H20 -++ energy 
(light) 


chloroplast 


CoH1206 + = 602 


glucose free oxygen 


This equation, however, reveals almost noth- 
Ing about the intrinsic mechanisms: nor does 
it show any of the very interesting inter- 


mediary stages. Nevertheless it was many 
years before even this much information be- 
came available. 

The first inkling that photosynthesis lib- 
erates free oxygen came in 1772, from the 
work of Priestley. Priestley showed that a 
mouse under a sealed bell jar can continue 
breathing more or less indefinitely, provided 
that a green plant is also placed under the 
jar. Within another ten years, Ingenhousz, a 
Dutch physician, had shown that light must 
be available if this experiment is to work, 
and that only the green parts of a plant are 
effective. In 1804 de Saussure found that the 
weight gained by a plant growing in a sealed 
atmosphere was distinctly greater than the 
weight of the carbon dioxide lost by the at- 
mosphere. Thus de Saussure concluded that 
water (as well as carbon dioxide) must be an 
essential ingredient in the photosynthetic re- 
action. During the rest of the nineteenth 
century, the quantitative aspects of the over- 
all reaction were established by the work of 
many investigators. 

Chlorophyll and Chloroplasts. One of the 
most essential enzymes in photosynthesis is 
a chlorophyll-protein complex, which is 
often referred to, rather loosely, as chloro- 
phyll. The nonprotein part, chlorophyll 
proper, which can be extracted from leaves 
by ether and similar solvents, proves to 
be a green pigment with a rather compli- 
cated molecular structure (Fig. 9-1). Struc- 
turally, the chlorophyll-protein complex 
tends to resemble hemoglobin, the red _ pro- 
tein pigment of blood, except that a magne- 
stum, rather than an iron, atom occupies a 
central position in the pigment part of the 
molecule; and attached peripherally there is 
a long-chain alcohol, phytol. In addition to 
chlorophyll, the cells of higher plants con- 
tain two other pigments: the deep orange 
xanthophyll (p. 596) and the bright yellow 
carotene (p. 350); and the cells of blue-green 
and red algae (p. 600) possess the accessory 
pigments phycocyanin and _ phycoerythrin, 
respectively. The accessory pigments of the 
algae probably participate directly in photo- 
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Fig. 9-1. Molecular structure of a chlorophyll (chlo- 


rophy!l a). The “body” of this molecule (area en- 
closed by dotted line) is very similor to the heme part 
of a hemoglobin molecule. In hemoglobin, however, 
an atom of iron (Fe), rather than of magnesium (Mg), 
occupies the molecular center. Actually five kinds of 
chlorophyll, each differing slightly from the others, 
have been identified. These are specified as chloro- 
phyll a, b, c, d, and e, respectively. Higher plants 
generally possess forms a and b; but lower plants 
often hove the other forms. 


synthesis, augmenting the activity of chloro- 
phyll; but the role of such pigments in higher 
plants is not well understood. 

The ordinary microscope shows that chlo- 
rophyll, in the typical plant cell, is not dis- 
tributed evenly throughout the cytoplasm. 
Rather it 1s confined within one or more 
(usually about 30) rounded bodies, the chloro- 
plasts. The electron microscope further 
shows that the chlorophyll is strictly localized 
even in the chloroplasts. All of it is contained 
within a number (usually about 50) of 
smaller bodies, called grana, which lie inside 
each chloroplast (Fig. 9-2). The chlorophyll 
is spread out into exceedingly thin, probably 
monomolecular, layers enclosed within the 
complexly folded membranes, or lamellae, 
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Fig. 9-2. Chloroplast of a corn plant: electronmicrograph with a total magnification af about 24,000. Chloro- 
phyll is restricted to the grana (one granum encircled). The form of a granum, in three dimensians, is suggestive 
af a stack af coins. The several grana are suspended in the chloraplast by stronds af material, called stroma. 
(Courtesy af A. E. Vatter, University of Colorado, Medical Center.) 


ol the granum (Fig. 9-3). Precise measure- 
ments of the thickness of each lamella and of 
the density of the components indicate that 
the layers of chlorophyll are regularly flanked 





Fig. 9-3. higher magnification 


Single granum at 
(about 160,000). This reveals the lamellar structure. 
A thin layer of chlorophyll lies between the two mem- 
branes in each lamella, and the lamellar membranes 
appear ta be made up of protein and lipid compo- 
nents. (Courtesy of A. E. Vatter, University of Colo- 
rada, Medical Center.) 


by layers of protein and of a specialtved lipid 
material. In any event, the fine structural or- 
ganization of the grana and of the other parts 
of the chloroplast provides an amazingly 
effective molecular mechanism for utilizing 
light energy. This mechanism permits chloro- 
phyll, working in partnership with various 
other enzymes and coen7ymes, to translorm 
and conserve hght energy tn the form of or- 
ganic compounds newly synthesized from in- 
organic forms of matter. 

Some Modern Developments. Since 1905, 
starting with the work of a British botanist, 
F. F. Blackman, tt has been known that the 
synthesis of carbohydrates and other organic 
compounds by green plants must involve two 
separable kinds of reactions: (1) light reac- 
tions, an exceedingly rapid set of reactions 
that are energized by light; and (2) dark re- 
actions, a series of slower reactions that can 
proceed in the absence of light. But truly im- 
pressive progress in the field of photosyn- 


thesis did not begin until about 1945, when 
two important Isotopes, heavy oxygen, O}8, 
and radioactive carbon, C4, had become 
avallable (Table 8-1). These tracer isotopes 
mace it possible to discover the source of the 
oxygen that is ltberated during photosyn- 
thesis and to follow the path of carbon, from 
the time it is absorbed in the form of CO., 
until it 1s Incorporated into various organic 
compounds in the cell. 

Much recent work has dealt with various 
unicellular green algae, which can be grown 
in test tubes under strictly controlled cond- 
tions; corroborative results have been ob- 
tained from higher plants. Moreover, Daniel 
Arnon, working at the University of Cal1- 
fornia, has succeeded in observing photo- 
synthesis in chloroplasts removed from the 
cells of macerated spinach leaves. Studies on 
such isolated chloroplasts have been very 
fruitful. “Phe isolated chloroplasts carry on 
photosynthesis in a medium of known com- 
position. Accordingly it is possible to vary 
the components of the medium in systematic 
fashion ancl thus to ascertain how each ful- 
fills its role during the complex processes of 
photosynthesis. 

The essence of photosynthesis, as deduced 
from the large body of recent evidence, is the 
conversion of radiant energy (light) into 
chemical energy. The conserved energy goes 
into the formation of: (1) ATP (from ADP 
and inorganic phosphate); and (2) TPN- Hag, 
FMN-H, and other reduced primary accep- 
tors in the chloroplasts. Electrons, necessary 
for the reduction of the primary acceptors, 
are derived partly from chlorophyll and 
partly from water; and in each case the dis- 
charge of electrons is energized by Ihght. 
Eventually many of the electrons flow back 
to the chlorophyll, restoring this unique 
molecule to its original uncharged state. But 
while the electrons are in flux, energy is 
generated and this is utilized for the build-up 
of the high-energy phosphate reserves of the 
cell. Equally important is the fact that H,O, 
when it is forced to give off electrons, under- 
goes photolysis. This light-energized splitting 
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of H.O molecules liberates free Ov, while 
hydrogen (H+) undergoes transmission to 
one of the primary acceptors of the cell 
(TPN + 2e—- + 2H+ > TPN-H,). The net 
effect of light, accordingly, is to increase the 
reserves of chemical potential energy in the 
cell, mainly by the build-up of ATP and 
TPN - Hg. 

The evidence that has led to this current 
view of how light energy is trapped and 
stored by the chloroplasts is very extensive. 
Outstanding contributions have been made 
by C. B. van Niel (Stanford University), S. 
Ruben, D. Arnon, and M. Calvin (University 
of California), H. Gaffron (University of 
Chicago), E. J. Rabinowitch (University of 
Illinois), S. Ochoa and W. Vishniac (New 
York University), and many others. ‘This evi- 
dence will be presented in briefest outline 
only. But first it is necessary to consider some 
basic concept in photochemistry. 

Photochemical reactions are those that are 
energized by light. To be effective, the light 
must be absorbed by one or more of the re- 
acting substances; and, of course, chlorophyll 
is the principal light-absorbing molecule in 
the light-driven reactions of photosynthesis. 

When light falls upon a metal, photons? 
(units of photoradiation) are absorbed and 
the electrons of the metal atoms, excited by 
the absorbed energy, tend to be ejected from 
the surface. The potential thus generated 
may be measured, as in a photographic light 
meter or other type of photoelectric cell. 
Likewise when photons are absorbed by a 
molecule, an electron in one or more of the 
constituent atoms, picking up energy, tends 
to shift outward from the atomic center into 
an orbit of higher potential. Such an excited 
electronic configuration is unstable, however. 
Within some fraction of a second, the elec- 
tron either drops back into its original post- 


1 A photon represents one quantum of light energy. 
Photons, however, vary in their energy content, ac- 
cording to the wavelength of the light. This is shown 
in the fundamental equation: E = hc/\ in which 
& = energy of the photon; c= velocity of light in 
cm/sec; \ = wavelength in millimicrons; and fh = the 
Planck energy frequency constant. 
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tion or it may be transferred to an electron 
acceptor—if such a molecule occupies a 
strategic position, in proximity to the locus 
of excitagion. If no acceptor is present, the 
excitation energy returns to the environment, 
often in the form of re-emitted light, as in 
the case of substances that display fluores- 
cence or phosphorescence subsequent to an 
exposure to light. But if an acceptor com- 
pound is on hand, the excitation energy is 
conserved as chemical energy. 

Thesacceptors alter at has been, reduced, 
possesses more energy than before. Chloro- 
phyll, isolated from the cell in pure form, 
displays vigorous phosphorescence after it 
has been luminated. But in the chloroplast 
the energy transformation 1s devoid of radia- 
tion and much of the energy is conserved as 
chemical potential energy for subsequent use 
by the cell. 

As might be deduced from its color, chloro- 
phy] displays a maximum absorption of hght 
in the red-orange region of the spectrum. 
More specifically stated, the peak of absorp- 
tion by chlorophyll is for photoradiations 
with wavelengths close to 660 millicrons 
(mp ). The energy content of photons of this 
wavelength (43 Cal per mole of excited sub- 
strate) Is not as great as for photons of shorter 
wavelength (lor example, blue light: wave- 
length 440 my; 64 Cal per mole of excited 
substrate). However, the photons absorbed 
by chlorophyll are exactly suited to the ex- 
citation energy requirements of this com- 
pound. Photons are units that must be used 
as a whole or not at all; and the photons ab- 
sorbed by chlorophyll provide exactly the 
proper energy for the excitation of one elec- 
tron per photon absorbed at the proper locus. 

Photolysis of Water. A very important dis- 
covery was made by Samuel Ruben and co- 
workers at the University of California, in 
1940, shortly after heavy oxygen (O18) became 
available. Ruben showed that al/ of the 
oxygen liberated in photosynthesis is derived 
from H.O; none of it from CO,. Plant cells 
supplied with H.O'§ liberated O78; but when 
the cells were supphed with co}s, no heavy 


oxygen was formed. Thus it can be said with- 
out equivocation that the photochemical de- 
composition of water (photolysis) accounts 
for the entire production of oxygen during 
photosynthesis, Part of the hydrogen, how- 
ever, is transferred to a primary acceptor 
(TPN) curing the process of photolysis, as 1s 
shown mm Figure 9-4. 

A major unsolved problem in photosyn- 
thesis is how light energizes the splitting of 
H,O. Chlorophyll, TPN, and the cyto- 
chromes are essential components in the re- 
action, as has been shown by Arnon. But just 
how the photons absorbed by chlorophyl] are 
employed to bring about a transfer of elec- 
trons from hydroxyl (OH) tons to the cyto- 
chrome system remains an open question 
(Fig. 9-4). lt is plain, however, that tour 
hydroxyl ions must be discharged of their 
electrons in the formation of each one mole- 
cule of [4(OH—) — de- = O, + 
2H.O]. 

Photophosphorylation. As is clearly shown 
by the work of Arnon and his collaborators, 
chloroplasts can utihve light cnergy for the 
formation of ATP from ADP and inorganic 
phosphate. There are, however, two path- 
ways. These are called eyclic and noncyclic 
photophosphorylation, respectively. 


OXYZen: 


If isolated chloroplasts are provided with 
ample light, ADP, and morganic phosphate, 
but no CO. and no TPN, they still are capa- 
ble of generating ATP. Without CO, they 
cannot synthesize carbohydrates, of course, 
and without TPN (to accept hydrogen) they 
cannot spht H.O (and liberate O.). But they 
can form vATP. in &@ manner indicated 11 
Figure 9-4. The photon-excited electrons 
from chlorophyll are transmitted via FAEN 
(or vitamin K) to the cvtochrome system and 
thence they are passed back to the chlovo- 
phyll. The flow of each electron along this 
channel provides energy lor charging up two 
molecules of ATP: one as electrons drop from 
FMN to the cytochromes, and the other as 
they flow through the cytochrome system, 
back to chlorophyll (Fig. 9-4). This pathway 
is referred as cyclic because the photon- 
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In the chloroplasts, light energy is transformed into the chemical potential energy that is stored, 


mainly, os ATP, TPN:H., and FMN-H.,.. Note that some of the electrons, ofter escaping from light-excited chla- 
rophyll, finally return to chlorophyll, forming a cycle. Simolified schema, after Arnon. 


excited electrons, ejected from chlorophyll, 
keep returning to the chlorophyll, having 
discharged their energy in the generating of 
two new high-energy phosphates (ATP). 

For noncyclic phosphorylation to occur, in 
contrast, TPN must be added to the medium 
in which the isolated chloroplasts are operat- 
ing. This compound, having received elec- 
trons from chlorophyll (Fig. 9-4), can now act 
as an acceptor of H+ ion (from water), In 
which case [TPN-H, tends to accumulate in 
the medium. But the electrons that flow back 
to the chlorophyll via the cytochrome system 
are derived from OH-— ions, as is shown In 
Figure 9-4. Thus the flow of electrons is not 
cyclic. However, each electron, as it flows 
through the cytochrome system, generates 
energy for “charging up” one more molecule 
of ATP. 

Certain bacteria, utilizing pigments other 
than chlorophyll, can draw upon light as the 
source for building up their reserves of chem- 
ical potential energy. These more primitive 
photochemical systems are important in rela- 


tion to the evolution of plant life and they 
will be considered briefly later (p. 187) in that 
connection. 

Dark Reactions: Assimilation CO». As cur- 
rently conceived, the net effect of light 
energy, operating through mechanisms within 
the chloroplast, is to build up the cellular 
reserves of certain energy-rich molecules, par- 
ticularly ATP and TPN: H.. Moreover, it is 
now known that even isolated chloroplasts 
can continue to utilize CO. for the synthesis 
of glucose and other compounds in total 
darkness, 1f adequate amounts of ATP and 
T’PN-H. are provided. Arnon in fact; has 
obtained similar results with chloroplasts 
from which all the chlorophyll had been re- 
moved. 

The problem of tracing carbon from the 
time when it enters the green plant cell as 
CO, until it is built into the structure of 
glucose and other organic molecules repre- 
sents a herculean project. The solution of 
this problem, which now appears to be al- 
most complete, required the cooperation of 
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many teams of workers, in many laboratories. 
But it is fair to say Melvin Calvin and col- 
laborators at the Radiation Laboratory of the 
University of California have been outstand- 
ing leaders in this field—as was duly recog- 
nized by the Nobel Prize award in 1961]. 

Techniques. Two important technical devel- 
opments contributed greatly to the prosecu- 
tion of the carbon-tracing work. The dcis- 
covery and preparation of radioactive car- 
bon (C4), by Samuel Ruben and Martin 
Kamen in 1940, provided an excellent tracer, 
because radiocarbon is very stable (its half- 
life is more than 5000 years) and because the 
radioactivity provides a means of localizing 
compounds in which Cl is a constituent. But 
almost equally important was the develop- 
ment of paper chromatography, initiated by 
two English workers, A. J. P. Martin and 
R. L. M. Synge. 

Paper chromatography provides a method 
for achieving the separation and identifica- 
tion of unknown compounds, when these are 
dissolved in small amounts in an aqueous 
extract of cellular material. The separation 
results from small differentials in the solubil- 
ities of the compounds, as is indicated in Fig. 
9-5. A drop of the aqueous solution of un- 
known compounds (X, }’, and Z) is placed on 
the filter paper, near the bottom, where the 
paper is in contact with a suitable organic 
solvent, saturated with water. As the organic 
solvent creeps by capillartty upward in the 
paper, it first will pick up compound X—if 
this displays the greatest degree of solubility 
in the particular organic solvent—and com- 
pound XN will be carried the greatest distances 
from the locus of the original spot (Fig. 9-5). 
Likewise Y and Z, if this is the sequence of 
decreasing solubility, will not be picked up 
as quickly or carried as far by the upward- 
flowing solvent (Fig. 9-5). A further two- 
dimensional separation of the components 
can also be achieved by a second-stage treat- 
ment in which the position of the paper is 
changed, as is explained in the caption of 
Figure 9-5. 

Identificatron of 
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Fig. 9-5. One-dimensional (ascending) paper chro- 
matography. The creeping solvent carries the sub- 
stances at different the final distances (note 
arrows) being inversely related to water solubility. 
Thus substance X (e.g., triose phosphate) would be 
carried further thon Y (e.g., phosphoglyceric acid), 
which in turn would be carried further than Z (e.g., 
hexose diphosphate). Further separation of the sub- 
stances can be effected by a second stage of treat- 
ment (two-dimensional chromatography) in which the 
position of the paper strip is changed. In the present 
case, for example, the left side of the paper might be- 
come the bottom, which is in contact with the solvent. 
Moreover, a different organic solvent may be used in 
the second stage. 


rates, 


nents requires further operations. Radtoac- 
tive materials may be localized by plating the 
paper upon photographic film; but more spe- 
cific detection requires that the paper be 
sprayed with reagents, which bring about 
some specific color reaction, or it may in- 
volve other analytical procedures. 

Pathway of Carbon in Organic Synthesis: 
The Calvin Cycle. The pioneer experiments 
of the Calvin group regularly utilized a unt- 
cellular green alga Chlorella (Fig. 9-9) al- 
though confirmatory results have been de- 
rived from higher plants. All essential condt- 
tions in the experiments—intensity and 
duration of illumination, censity of the cell 
population, temperature, concentration, and 
time of the exposure to radioactive carbon 
dioxide (C'4O.), and so forth—were kept 
under strict control. Immediately after the 
experimental treatment. which sometimes 
lasted only a few seconds, the cells were 
quickly killed in alcohol, extracted, and 
analyzed by paper chromatography for their 
content of newly synthesized material. 

It was surprising to find that even when 


the light had acted for as little as one minute, 
racliocarbon could be detected in a variety of 
compounds—not only in sugars, but also in 
amino acids and other substances. However, 
when the illumination was cut to 5 seconds, 
or less, almost 80 percent of the fixed radio- 
carbon was found in just one compound, 
namely phosphoglyceric acid (Fig. 9-6). Ap- 
parently this 3-carbon compound is among 
the first to be formed during photosynthesis. 

Naturally, the identification of phospho- 
glyceric acid (PGA) as an early product of 
CO, fixation led to the assumption that this 
compound must be a precursor of glucose 
(see Fig. 8-5). This assumption has proved 
correct. Essentially, the build-up of glucose 
and other products represents a reversal of 
the steps by which these compounds are 
broken down in cells generally. Energy and 
matter are required, however, for the climb- 
ing of this uphill path and these are provided 
by ATP and TPN-Hs, previously generated 
by light. First the PGA molecule is energized 
by phosphorylation, forming diphosphogly- 
ceric acid, at the expense of a molecule of 
ATP. This energized molecule undergoes 
reduction by TPN-Hs, forming triose phos- 
phate and releasing inorganic phosphate to 
the medium. The further steps, leading 
finally to starch, also follow the familiar 
pathway of cellular metabolism, as is shown 
in Figures 8-5 and 9-6. Moreover, the addi- 
tional requirements of energy and of elec- 
tron-hydrogen couplets are provided by ATP 
and “TPN: Ho, respectively. 

It is important to realize that carbohy- 
drates are not the only products formed 
during the dark period after a green plant 
cell has been illuminated—as is indicated in 
Figure 9-6. Radiocarbon soon finds its way 
into various amino acids and also into fatty 
acids. PGA appears to be an intermediary in 
these reactions. Moreover, the reducing po- 
tential of light-generated —TTPN- Hg is essen- 
tial for the conversion of the oxidized 
(nitrate) form of nitrogen (—-NQs3), which is 
absorbed by the plant, into the reduced 
(amino) form (—NH.), which is found in the 
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amino acids. In short, the energy stored as 
ATP and TPN-H, by the photochemical 
mechanisms of the green plant, although 
mainly utilized for carbohydrate synthesis, is 
also employed for other syntheses. 

The Calvin cycle of carbon dioxide assimi- 
lation is not very simple, however. It is so 
complex, in fact, that only a few highlights 
can be given in this brief account. 

PGA proved not to be the first compound 
formed when carbon dioxide undergoes re- 
duction O—C—O + e- + H+ + —C—OH 

| 
O 
which must occur when COQ, is incorporated 
into an organic molecule. The CO, acceptor 
proved to be a doubly phosphorylated 5- 
carbon sugar, ribulose diphosphate (Fig. 
9-6). When the green algae previously satu- 
rated with light and CO, were suddenly de- 
prived of COs, there was an accumulation of 
ribulose diphosphate, but not of phospho- 
glyceric acid—as was first shown by Alex 
Wilson in the Calvin Laboratory. This result 
led to the proposal that the first step in CO, 
fixation is by the carboxylation of the very 
active compound, ribulose diphosphate (Fig. 
9-6). As a result of carboxylation, apparently, 
a 6-carbon diphosphate intermediary 1s 
formed. This diphosphate intermediary ap- 
pears to be exceedingly unstable, however, 
and it has not been isolated. It immediately 
breaks down, yielding two molecules of 
PGA. PGA, therefore. is not the first, but 
the second, product formed, subsequent to 
the primary fixation of COQO.. 

Other phases of the complex Calvin cycle 
can only be mentioned here, although they 
have been worked out in considerable detail. 
Replenishment of the supply of ribulose «i- 
phosphate 1s achieved from part of the PGA, 
as this intermediary continues to be pro- 
duced. In other words, not all of the PGA is 
utilized for the synthesis of glucose and other 
organic substances. A considerable part is 
returned to ribulose monophosphate, which 
then, at the expense of ATP, is converted to 
the active CO, fixer, ribulose diphosphate. 
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Fig. 9-6. Pathways of carbon assimilation in green plant cells; abbreviated version of the Calvin cycle (modi- 
fied from Bassham). The majar agency for the fixation of CO, is ribulose diphosphate (lawer right). Note that 
PGA the first stable product that accumulates subsequent to CO., fixatian, is utilized in several ways. Part of it 
is recycled back to replenish ribulose diphosphate, the CO.-fixation agency; but part provides material for the 
synthesis not only of carbohydrate (starch), but alsa af prateins and fats. Also nate that the energy, which drives 
the cycle, comes from ATP and TPN-H.,, previously generated by means of light energy. 


The route from the 3-carbon PGA to the 5- 
carbon ribulose phosphate is very indirect, 
however. It involves the formation of a num- 
ber of interesting intermediaries, including 
4-carbon (tetrose) and 7-carbon (heptose) 
sugars, as combinations and recombinations 
occur in the metabolic vortex. It is a cycle in 
the sense that the same intermediaries keep 
appearing over and over again. But only part 
of the PGA is cycled back to replenish the 
supplies of ribulose diphosphate. The rest 
goes into the building of glucose, amino 
acids, and other molecules essential to the 
life of the cell—as is shown in Figure 9-6. 
As will be explained later (p. 181), a few 
bacteria can synthesize glucose from COs and 
H.O at the expense of energy, derived not 
from light, bue from the oxidation of certain 
inorganic compounds. This process of chemo- 
synthesis is of very limited occurrence, how- 
ever. Almost all organic matter, which sup- 
ports the life of this planet, comes into being 
as a result of the photosynthetic powers of 
the green plants. Considerably more than a 
billion tons a day of assorted carbohydrates, 
proteins, lipids, and other organic com- 





Fig. 9-7. Unicellular green algae; A, 
Clasterium; B, Chlamydamonas. n, nu- 
cleus; cy, cytoplasm; ch, chlaraplast; p, 
pyrenoid; s, starch grains; v, vacuole; 
cw, cell wall; f, flagellum; e, red pig- 
mented “‘eye spot.” 
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pounds are produced by green plants, al- 
though about 90 percent of this huge pro- 
duction comes from primitive, mainly uni- 
cellular algae in the sea. 


OTHER ASPECTS OF PLANT NUTRITION 


Nutrition among green plants 1s much sim- 
plified by the fact that a plant does not need 
to take in any preformed organic foods. All 
the foods are simple crystalloidal substances, 
present practically everywhere, and conse- 
quently they can be absorbed directly from 
the environment. Thus plants generally do 
not possess any digestive system, and the 
holophytic mode of nutrition does not in- 
clude any processes ingestion, digestion, and 
egestion. Accordingly, nutrition in typical 
plants begins with the process of absorption. 

Absorption in Unicellular and Colonial 
Plants. Virtually all simple green plants that 
lack roots, stems, and leaves are designated 
collectively as the algae. Many of the algae, 
such as Clostertum and Chlamydomonas 
(Fig. 9-7), are unicellular; but some, such as 
Spirogyra (Fig. 9-8), are colonial, and others, 
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Fig. 9-8. 


One camplete cell in a filament of the green alga, Spirogyra. The nu- 


cleus, with a distinct darkly stoined nuclealus, lies at the center, suspended in place 
by delicate strands af cytoplasm. The chlaraplast hos the form of a spiral ribbon, 
on which numerous small stained bodies, the pyrenaids, are discernible in this re- 
tauched phatograph. (Copyright, General Biolagical Supply House, Inc.) 


such as Nitella (Fig. 13-2), are true multi- 
cellular organisms. Algac differ from the 
simple animals in that they all possess chlo- 
rophyll, and most have relatively thick, rigid 
cell walls. Usually the chlorophyll is local- 
ized within well-defined chloroplasts, of 
which one or more may be present in each 
cell. Sometimes the green color of the chloro- 
phyll is masked by the presence of other pig- 
ments, as im the case of brown and red algae. 
Most algae differ from protozoa in having no 
means of locomotion, although some species 
possess one or more highly motile, whiplike 
flagella (Fig. 9-7B). 

Algae, in contrast to most higher plants, 
are essentially aquatic plants. A few dwell in 
very moist places on the land, as for example, 
Pratococcus (Fig. 9-9), which may be found 
on tree trunks, in the damp crevices of the 
bark. But most algae grow under water. Clos- 
fertum, for example, is a unicellular form 
very commonly found in fresh-water ponds 
ancl lakes. 


CELL WALL 


NUCLEUS 
CHLOROPLAST 





Fig. 9-9. 
naturally. B, single cell, mare highly magnified, stained and sectioned. Chlorella (see p. 164) has a 
structure similar, althaugh not identical, ta that of Protocaccus. 


The problem of absorption in a submerged 
unicellular plant such as Clostertum (Fig. 
9-7A) is not very acute. All essential nu- 
trients are right at hand, dissolved in the 
surrounding medium; and all the food sub- 
stances can cnter the cell through the plasma 
membrane by diffusion and osmosis. Fresh 
water, essentially, 1s a very hypotonic solu- 
tion. The main solutes are inorganic salts— 
which dissolve in rain water as it seeps 
through the soi and collects in the pond— 
together with the atmospheric gases, carbon 
dioxide, and oxygen. These substances pass 
into the cell by diffusion, although active 
transport processes (p. 121) often intervene, 
Increasing or decreasing the intracellular 
content of certain particular tons. 

Distribution. In unicellular plants such as 
Clostertuwmn, the distribution of absorbed food 
substances throughout the protoplasm is just 
as simple as that 1n one-celled animals (p. 00). 
Once within the plasma membrane, the dif- 
ferent nutrients diffuse freely throughout the 
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Protococcus, a unicellular green plant. A, temporary aggregates of cells, as they occur 


cell. Also, many plant cells carry on a cyclic 
streaming (cyclosis, p. 198) of the protoplasm, 
and this assures a more rapid equilibration 
of absorbecl substances. 

The problem of absorption and distribu- 
tion in the larger land plants is somewhat 
more difficult. In such forms, the root system 
accomplishes practically all absorption, since 
the roots are the only parts that lie in con- 
tract with the soil water. The water and salts 
absorbed by the roots are then carried in 
special vessels throughout the stem and leaf 
systems, which in some plants reach more 
than 100 feet above ground. 

Constructive Metabolism in Green Plants. 
Green plant cells use glucose, after it is 
synthesized, as a source of energy and also as 
a source of matter for the synthesis of other 
organic compounds (proteins, carbohydrates, 
fats, etc.) that are needed for maintenance 
and growth. Frequently, however, the inter- 
mediaries of such constructive metabolism, 
particularly certain amino acids, glycerol, 
and fatty acids, are synthesized more directly 
as is shown in Figure 9-6. 

Protein Synthesis. The formation of proteins 
in plant cells depends upon a_ preliminary 
synthesis of the various amino acids. All 
amino acids can be synthesized by plant cells, 
provided that glucose (or precursors of glu- 
cose) and inorganic salts are available. Glu- 
cose or its precursors (Fig. 9-6) provicles the 
plant cell not only with energy for amino 
acid synthesis, but also with matter, to form 
the carbon-hydrogen parts of the molecules. 
The plant derives nitrogen, sulfur, and other 
constituents of the amino acids from the in- 
organic salts. 

As a source of nitrogen, for the amino 
(—NH.) portions of the amino acids, typical 
plant cells cannot draw upon the free nitro- 
gen (N.) of the atmosphere. But the plant 
does possess the proper catalytic equipment 
for using nitrogen in the form of nitrate salts 
(NaNO3, KNQs, etc.). Similarly the plant 
utilizes sulfur (for the synthesis of some of 
the amino acids) chiefly in the form of the 
sulfate (—SO,) salts. 
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The reducing potential necessary for the 
conversion of the nitrate (—NO,) to the 
amino (—NH.) form of nitrogen and for the 
conversion of the sulfate (—SQO,) to the sul- 
hydryl (—SH) form of sulfur is provided by 
TPN:-H. and other reduced primary ac- 
ceptors generated by photosynthesis. Precisely 
how the reduced nitrogen and sulfur radicals 
become afhhated with the carbon frameworks 
of the various precursors is not fully known, 
although it is plain that a number of amino 
acids begin to appear in the green plant cell 
within a few minutes subsequent to illumina- 
tion. But given nitrates as a source of nitro- 
gen and sulfates as a source of sulfur, green 
plants enjoy a full measure of growth. The 
nitrate content of the soil and of fertilizers is 
a prime consideration. If the nitrate supply 
is limited, the formation of amino acids 
within the plant is reduced; and since new 
proteins are formed solely by dehydration 
synthesis from previously formed amino 
acids the growth of the plant is likewise 
limited. 

Carbahydrate Synthesis. During periods of 
abundant light, the plant cell produces glu- 
cose in excess of its current needs. This excess 
glucose is converted mainy into starch (Fig. 
9-6). In many plant cells the enzymes re- 
sponsible for starch synthesis are localized in 
small visible bodies, the pyrenoids (Figs. 9-7 
and 9-8); and consequently starch grains first 
appear near this part of the cell. Starch repre- 
sents a reserve of glucose; during periods of 
darkness starch may be hydrolyzed, yielding 
an immediate supply of glucose. Cellulose, 
for the cell walls and other structural parts, 
is also clerivedl by dehydration synthesis from 
photosynthesized glucose. 

Other Syntheses. Some complex proteins 
contain sulfur, phosphorus, and iron, which 
are derived from the inorganic salts of these 
elements absorbed by the plant. Like other 
cells, plant cells can form fats and other 
lipids trom carbohydrates, and many of the 
intermediary stages of these 
tions now are known (see Figs. 8-5 and 
9-6). 
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Jn general, the synthetic powers in plants 
are greater and more varied than in animals. 
Besides synthesizing carbohydrates, fats, and 
all the vanious amino acids, plants can also 
synthesize a wide variety of other compounds 
that animals cannot. Such compounds in- 
clade not only chlorophyll and other special 
pigments, but also all the vitamins (p. 346), 
and many other useful substances, such as 
drugs, perfumes, cic. Moreover, in producing 
this wide variety of organic compounds, green 
plants utilize nothing but inorganic sub- 
stances that ure absorbed from the environ- 
ment. 

Destructive Metabolism. -\s to clestructive 
metabolism, plant and animal cells are es- 
sentially alike (see Fig. 8-5). But the metab- 
olism of plants is simpler because plant cells 
depend almost solely upon glucose as a source 
of energy when light is not available. The 
supply of synthesized glucose is adequate to 
balance the energy expenditures of the 
plant, and consequently other fuels are sel- 
dom utilived, In particular, amino acids and 
proteins are not sacrificed for energy, except 
under conditions of starvation—as, for ex- 
ample, when a plant is deprived of light for 
a long period. The plant limits the synthesis 
of amino acids to its constructive needs, and 
thus no excesses are available for energy, and 
deamination seldom occurs. 

The energy expended by a plant in de- 
struetive metabolism goes mainly to foster 
constructive metabolism. The plant does not 
have to move about in search of food and 
thus expends less total energy than the ani- 
mal. In using a lesser proportion of its ma- 
terials for destructive metabolism, the plant 
has more available for constructive purposes. 
Consequently plaints in general grow more 
rapidly than animals. 

Respiration in Plants. All plant cells con- 
stantly use oxygen and produce carbon diox- 
ide, as a result of oxidative metabolism. But 
during periods when light is available, the 
green plant cell produces 15 to 30 times more 
oxygen than it uses, ancl consumes much more 
carbon dioxide than it produces. Conse- 


quently in the daytime, respiration (taking 
in O, and giving off CO,) is overbalanced by 
the gas exchange of photosynthesis (taking 
in CO, and giving off O.), which is just the 
opposite. But in darkness, when photosyn- 
thesis 1s suspended, all plant cells carry on a 
small but measurable respiration. 

Gas exchanges in a simple submergecl plant 
such as Closteriwm (Fig. 9-7) proceed on a 
purely diffusional basis. While carbon cdiox- 
ide is being used up faster than it is being 
produced, the CO, concentration in the cell 
remains lower than in the surrounding water; 
ancl while oxygen is being formed faster than 
it is consumed, the O. concentration in the 
cell remains relatively high. Consequently, 
during periods when light is available the 
gas exchange of photosynthesis predominates. 
But when photosynthesis ceases, the concen- 
tration of oxygen insicle the cell sinks below 
the level of dissolved oxygen in the outside 
water, and the quantity of carbon dioxide 
rises above that of the environment. Under 
these circumstances, therefore, respiration 
holds sway. 

Excretion in Plants. Very little excretion 1s 
necessary in green plants. Plants produce 
scarcely any metabolic wastes other than car- 
bon dioxide and water—and these end prod- 
ucts are reusect during photosynthesis. Inso- 
far as small quantities of other wastes are 
procluced, these likewise may be consumed 
again in constructive metabolism. To a re- 
markable extent, therefore, 1t may be said 
that plant cells are able to “burn their own 
smoke.” In a few cases, certain plant cells 
tend to accumulate special waste products, 
depositing them as insoluble crystals in the 
protoplasm or vacuoles. 

When photosynthesis is in abevance, car- 
bon dioxide and water tend to accumulate. 
The carbon clioxide passes off in respiration, 
leaving water as the sole excretory waste pro- 
duced in any abundance. In aquatic forms 
such as Closterium, this excess water also 
passes out into the environment. Despite the 
fact that the surrounding fresh water is very 
hypotonic, the high turgor of the cell estab- 


lishes an equilibrium in which the inflow of 
water 1s balanced by the outflow. Therefore 
when additional water is formed by metab- 
olism, the equilibrium is disturbed and the 
excess water passes to the outside. 


GENERAL SIGNIFICANCE OF HOLOPHYTIC 
NUTRITION 


The salient points of contrast between 
holophytic and holozoic nutrition are sum- 
marized in Table 9-]. The significance of 
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smal] derive their energy from preformed or- 
ganic foods, by feeding either directly upon 
the plants, or upon other organisms that di- 
rectly or indirectly have obtained their or- 
ganic matter from the plants. In addition to 
maintaining the supply of organic matter, 
light energy also mamtains our oxygen sup- 
ply, which would be exhausted in about 2000 
years if photosynthesis did not occur. Only a 
small fraction of the sun's radiance happens 
to fall upon green plants, and only about 3 
percent of this energy 1s claimed successfully 


Table 9-1—Holophytic and Holozoic Nutritions Contrasted 


Green Plant 
]. Has chlorophyll; can synthesize glucose 


2. Can utilize nitrates and other inorganic 
salts to synthesize amino acids 

3. Can synthesize all amino acids 

4. Independent of other organisms for or- 
ganic compounds 

5. Absorbs all food in solution 

6. Does not move about for food; expends 
less energy; less catabolism 

7. Primary source of energy is light 


8. Metabolism as a whole constructive; that 
is, increases available organic compounds 
and increases the reserve of potential 
energy 


these points cannot be overemphasized. The 
holophytic system, with chlorophyll] as a key- 
stone, enables green plants to tap the tre- 
mendous fund of energy that radiates upon 
our earth from the distant sun. This kinetic 
energy, transformed into the potential energy 
of a great variety of organic compounds, rep- 
resents almost the sole energy supply of all 
varieties of living things. Animals large and 


Animal 
]. Has no chlorophyll; cannot synthesize 
glucose 
2. Cannot utilize nitrates to synthesize amino 
acids 


3. Cannot synthesize all amino acids 

4. Dependent on other organisms for organic 
compounds 

5. Ingests solid food 

6. Moves about for food; expends more en- 
ergy; more catabolism 

7. Only source of energy is organic com- 
pounds 

8. Metabolism as a whole destructive; that 
is, decreases avatlable organic compounds 
and decreases the reserve of potential 
energy 


by photosynthesis. But this small fraction 
energizes virtually all the manifold processes 
of life, and this energy is not degraded into 
heat until it has found expression in the 
movements and other activities of many liv- 
ing things. Eventually, however, all the solar 
energy that strikes the earth becomes trans- 
formed to heat and is dissipated in the en- 
vironment (Chap. I0). 


TEST QUESTIONS 


I. Most plants are nonmotile organisms. Ex- 
plain this observation in terms of the food 
requirements of plants. 


2. What is the basis for considering that Clos- 
teritum, Chlamydomonas, and Spirogyra are 
all typical plants? 
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How do the aleae differ from most higher 
plants: (2) us to habitat; and (b) as to gen- 
eralistrmctuinree 


. To what extent does absorption in Clos 


terium and other algae depend upon diffu- 
sion and osmosis? Explain. 

Define the term “photosynthesis,” specifying 
precisely the kinds of matter and energy that 
are involved. 

One plant is exposed to green light, and an- 
other to red hight. Predict the relative rates 
of photosynthesis in the two plants. Explain. 
In photosynthesis light energy is utilized, not 
to reduce CO, but to hberate oxygen {rom 
HO. Explain the experiments that substan- 
tiate this conclusion. 

Can animals and plants utilize CO,, in the 
formation of organic compounds? To what 
CNENG alany, 1s lent enerey onvalceds an 
such processes? 

Is chlorophyll the only pigment capable of 
participating in photosynthesis? Explain. 
What is a granum? Why is the fine structure 
of the granum important m= relation to 
photosynthests? 

Explain the importance of heavy “oxyeen 
(O'S), radiocarbon (Cl), and paper chro- 
matography, in relation to modern research 
on photosynthesis. 

To what extent can isolated chloroplasts 
carry on photosynthesis? Explain. 

Explain the importance of ATP and TPN: H., 
in relation to photosynthesis, 

Difieremtiate ‘between “heht reactions “and 
“dark reactions’ in the metabolism of green 
plant cells. 

What is a photon? How is the energy con- 
tent of a photon related to the wavelength 
ot light? 


FURTHER 


“The Role of Light in Photosynthesis.” by 
DD, besrnon, in. Screnaire damerncan, Novem- 
ber 1960. 

“The Path of Carbon in Photosynthesis.” by 
ND, Galvin, an? rience, sole 135, larch 16, 
1962. 
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What are fluorescence and phosphorescence? 
Explain. 
Diflerentiate between cyclic and noncyclic 
photophosphorylation. Explain the impor- 
tance of these processes. 
Briefly summarize the contributions of: (a) 
Ruben: (b) .Arnon; (c) Priestley; and (d) Cal- 
vin to our understanding of photosynthesis. 
Explain the mportance of phosphoglyceric 
acid (PGA) in relation to CO., assimilation. 
Explain the importance of ribulose diphos- 
phate in relation to the fixation of CO,. 
Explain the general importance of photosyn- 
thesis: 

a. from the “viewpoint” of plants 

b. from the “viewpoint” of animals 
State five ways in which glucose may be used 
indthe cellsvat atypical plint,. m-éach case 
specifying such chemical reactions as may be 
mvolved. 
Compare animal and plant cells. as regards: 

a. the origin of amino acids utilized in 

metabolism 
b. ways im which amino acids are utilized 
In metabolism 

Carefully explain why nitrate (—NO,) salts 
are plant foods of great importance. Why are 
sulfites and phosphates hkewise needed by 
ereen plants? 
Account for the fact that considerable quan- 
titics of nttrogenous wastes are formed in the 
metabolism of animals, but not in the me- 
tabolism of plants. 
Construct a table showing the maim points of 
contrast between the holophytic and holo- 
zoic types of nutrition. 
Point out five essential smitlarities between 
the holozoic and holophytic tvpes of nutri- 
tion, 
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Great Experiments mn Biology, ed. by M. 
Gabriel and S. Fogel: see sections on photo- 
synthesis by Priestley. Ingenhousz, Ruben, and 
others: Eneleswoud CHumaiss, |. 1999. 

The Plant \Vorld, 4th ed.. by H. J. Fuller and 
Zo Garothers: INEW VOrk; 1965. 
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ALMOST all higher organisms are either 
typical animals or typical plants; but among 
lower organisms, the lines of distinction are 
somewhat blurred. Some lower organisms, 
are holophytic, some are holozoic, others are 
more or less intermediate between the plants 
and the animals, and still others are quite 
different, in their mode of nutrition, from 
either plants or animals. 


THE FUNGI 


The fungi are a large group (about 75,000 
species) of relatively stmple plants that do 
not possess chlorophyll and that lack a ca- 
pacity to mgest food. Many fungi closely 
resemble the algae in general structure and 
reproductive habits, and consequently they 
are classified as plants, despite the lack of 
chlorophyll. 

Many fungi, including the bacteria (Fig. 
10-1) and yeasts (Fig. 10-2), are unicellular; 


but others, including the molds, mildews, 
rusts, smuts, puffballs, and mushrooms, are 
more complex in structure. The body, or 
mycelium, of a complex fungus consists of a 
mass of long, slender, much-branched 
threads, called hyphae. In some species the 





Fig. 10-1. The bacteria are extremely small fungus 
plants, which display three general farms. The spheri- 
cal farms are cocci; the rad-shaped forms, bacilli; and 
the spiral farms, spirilla. Colanial aggregates af bac- 
teria are designated by special names; e.g., staphyla- 
coccus, far irregular bunches af cacci, like thase an the 
left; and streptacaccus, and streptobacillus, far the 
chainlike calonies of cacci and bacilli (shawn at the 
center). 
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mycelitun displays a syncytial organization; 
in others it consists of distinct cells, indi- 
vidually separated by transverse cell walls 


(Fig. 10-3). 





Fig. 10-2. Yeast cells, budding. The light spots are fat 
droplets and cell-sap vacuoles; the nuclei are not visi- 
ble in living, unstained cells. 


SAPROPHYTIC NUTRITION 


The saprophytic mode of nutrition is dis- 
played by most of the yeasts, molds, and 
bacteria. Saprophytic organisms, hke ani- 
mals, require at least a minimum of pre- 
formed organic food; but lacking a digestive 
cavity, saprophytes must absorb their organic 
nutrients dircctly from the environment. 
Therefore the localities favorable for the 
growth of saprophytes are very limited. Such 
forms are found only in places where con- 
siderable quantities of organic materials have 
accumulated, such as upon soil richly laden 
with humus (decomposing plant material), 
or directly upon the remnants ol other or- 
ganisms. 

Nutrition of Yeasts. Many wild yeasts 
grow saprophytically upon sweet fruits that 
have been crushed in falling to the ground. 
The most important yeasts, however, are the 
kinds that are cultivated by man because of 
their usefulness in brewing and in_bread- 
making (Fig. 10-1). 

Yeast cannot grow ltke a green plant in a 
meditum containing only inorganic sub- 
stances. But yeast will thrive vigorously in 
a solution containing one or more sugars 
(glucose, fructose, Mannose, sucrose, or malt- 
ose) oxygen, and a suitable variety of inor- 
ganic salts. Lacking chlorophyll, the yeast 
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Fig. 10-3. Small portions of the mycelia of two com- 
mon mold fungi. The black spots are nuclei. Note that 
Mucor is a syncytial organism, whereas Aspergillus 
is typically cellular. 


cannot synthesize its own sugar; but given 
“ready-made” sugar as a source of energy and 
matter, it can carry on metabolism quite like 
a green plant. Like the green plant it can 
utilize inorganic nitrogen to synthesize all 
essential amino acids and proteins, although 
yeasts grow better when ammonium (NH+*) 
salts, rather than nitrates (NO): are avatl- 
able. 

When glucose or some other monosaccha- 
ride is present in the surrounding medium, 
the yeast absorbs the sugar directly, without 
recourse to any sort of digestive process. But 
when the available sugar is a disaccharide, 
such as sucrose (or maltose), digestion must 
precede absorption. In this case, the enzyme 
sucrase (or maltase) is extruded from the 
yeast cells, and digestion occurs externally, 
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in the surrounding medium. Starch cannot 
always be used as a source of glucose, because 
the digestive enzymes of the yeast do not in- 
clude any of the amylases. However, ground 
malt (germinated barley) is usually added to 
a yeast brew, and the amylases from the bar- 
ley cells serve to hydrolyze the starch to 
maltose. 

Anaerobic Metabolism of Yeast. In the 
presence of adequate oxygen, yeast cells, like 
plants and animals generally, obtain energy 
by oxidizing carbohydrates and other com- 
pounds. But when free oxygen is scarce or 
lacking, the yeast replaces this aerobic me- 
tabolism by an anaerobic metabolism. 
Under these conditions the yeast obtains en- 
ergy by alcoholic fermentation (Fig. 8-5). 
This decomposition of glucose into ethyl 
alcohol and carbon dioxide does not require 
the utilization of oxygen, as is shown in the 
following over-all reaction: 


CoH 206 


glucose 


fermentation 


2C2H;OH -+- 2CO2 + E (approx 1/5 Col per 
g glucose) 
ethyl! alcohol 

Because the nonoxidative metabolism of 
glucose yields only about 14) as much energy 
as the oxidative metabolism (cf. Fig. 8-5), 
yeast grows much more slowly and less efh- 
ciently under anaerobic conditions. More- 
over, the metabolic wastes, especially alcohol, 
tend to accumulate in the medium after 
escaping from the cells by diffusion; and the 
alcoho] finally exerts a toxic effect, despite 
a unique tolerance that yeasts have devel- 
oped to this compound. 

The importance of yeast in human econ- 
omy lies in the fact that fermentation con- 
stitutes the only practical source of alcoholic 
beverages, and of ethyl alcohol, which is 
widely used as a solvent and raw material in 
chemical industry. In the brew mashes of 


beers and wines, most of the alcohol 1s 
formed by the dense population of yeasts 
near the bottom of the brew tank. Near the 
top of the tank, which is more or less open 
to the atmosphere, there is ample oxygen, 
and the yeasts of this region produce Ihttle 
or no alcohol. But the oxygen is soon used 
up at the bottom of the tank, and new oxy- 
gen entering [rom the atmosphere is con- 
sumed by the upper layers of yeasts beforc 
it can diffuse to the bottom layers. ‘The pro- 
portion of alcohol in a natural brew never 
exceeds about 14 percent, since this is the 
maximum tolerable to the yeasts themselves. 
However, by distillation the proportion of 
alcohol may be increased up to 95 percent. 
In bread making, the alcohol produced in 
dough is unimportant, since the relatively 
small quantity 1s dissipated during baking. 
But the carbon dioxide forms bubbles that 
are trapped in the thick dough mixture, and 
this “‘raises’’ the dough, giving a porous 
texture to the bread. 

Nutrition in the Bread Mold. The spores 
of the bread mold (Rhizopus nigricans) are 
abundant in the atmosphere, especially in 
populated regions. Consequently an exposed 
piece of moist bread or other starchy food 
almost invariably becomes covered by the 
fuzzy white mycelium of the bread mold. 
Later this growth turns blackish gray, indi- 
cating that a new crop of spore capsules has 
become ripe (Fig. 12-10). 

The mycelium of the bread mold (Fig. 12- 
10) is composed entirely of a mass of much- 
branched threads, or hyphae, which are of 
three types: (1) short, clustered rhizoids, 
which penetrate down into the substance of 
the bread; (2) long, stout stolons, which form 
an interlacing mass over the surface of the 
bread; and (3) long, slender sporangiophores, 
which extend vertically upward, each sup- 
porting a single spore capsule at its upper 
end (Fig. 12-10). 

The bread mold, which is a typical sapro- 
phyte, uses starch as its main organic food. 
Starch cannot be absorbed as such, but the 
rhizoids of the mold secrete amylase (and 
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maltase) into the surrounding bread or other 
food. Thus digestion occurs externally, and 
the 
rhizoids. “The rhizoids serve also tor the ab- 


the resulting glucose is absorbed by 


sorption of the other essential nutrients, t- 
cluding water, salts, and oxygen. The distri- 
bution of the lood substances proceeds by 
diffusion and protoplasmic streaming, via the 
rhizoids to the stolons, and via the stolons 
to the sporangiophores. The metabolism of 
the mold closely resembles that of the yeast, 
except that anaerobic growth does not occur. 
Also the mold (to a greater extent than yeast) 
utilizes nitrate (—NO,) salts for the synthesis 
of amino acids and proteins. All energy is de- 
rived) from preformed organic substances 
(chielly that absorbed. 
excretion are localized 
mainly in the rhizoids, because the upper 
parts of the mycehum are too dry to permit 
exchanges with the air. The only significant 
excretory waste 1s water, since carbohydrate 
iSsthe: miranvaliae!: 

Economic Importance of the Yeasts and 
Molds. A wide variety of yeasts and molds 
have been known to. biologists Tor many 


carbohydrate) are 


Respiration and 


years, and investigations on the metabolism 
of these organisms have gradually revealed a 
number of by-products that are very im- 
portant in medicine and industry. More than 
100,000 tons of yeasts are produced annually 
in the United States, and various kinds of 
fermentation are used in the production of 
citric acid, glycerol, acetone, purified fats, 
and a number of other valuable organic com- 
pounds. Likewise, yeasts are widely used in 
the production of vitamins, and massive veast 
cultures are beginning to be used as direct 
sources of man’s food. 

Molds and bacteria are also very impor- 
tant as sources of antibiotic compounds, such 
as penicillin, streptomycin, and aureomycin, 
compounds that now are widely used as 
therapeutic agents in many serious inlectious 
diseases (p. 580). Various molds are also use- 
ful in the curing of hides, tobacco, coffee, 
cocoa, paper puly, etc.; and to some extent 
the yeasts ancl molds cooperate with the bac- 


teria in achieving the decay of organic mat- 
ter (see below). 

Nutrition of the Saprophytic Bacteria: 
Decay and Putrefaction. Although bacteria 
are umong the smallest and, from the view- 
peimtof Visible stricture, thie simplest of 
organisms, they display a remarkable diver- 
sity in their nutritive processes. Among the 
saprophytic forms, which constitute a large 
majority of the bacteria, many variations 
exist as to the chemical nature of the organic 
substances required by the different species 
lor the fulfillment of their metabohe needs. 

Bacteria lack chlorophyll, although one 
small group, the purple bacteria, possesses a 
chlorophyll-hke pigment, and can utilize 
light to energize some phases ol their metab- 
olism (p. 187). Bacteria possess relatively 
rigid cell walls, composed of organic sub- 
stances other than cellulose. Accordingly, 
It is upon rather arbitrary grounds that 
the bacteria classified among the 
plants. 

Although the nutritional variation among 
DAgtel ies very erent, the variation, in: forni 
is generally limited to three common shapes. 
Among bacterial species there are: (1) spher- 
ical forms, culled cocei, (2) rod-shaped lorms, 
called bacilli, and (3) spiral forms, called 
spirilla (Fig. ]0-1). Many bacteria are strictly 
unicellular, but others form colonial agegre- 
gates ol greater or lesser permanence: and 


ae 


bacterial colonies are usually named accord- 
ing to the arrangement of the cells in the 
uggregate. Irregular clusters are designated 
by the prefix staphylo-, as in staphylococcus; 
chainlike forms are specified by the prefix 
streplo-, as in streptococcus or streptoba- 
cillus. 

‘The great importance of saprophytic bac- 
teria as that. them digestive and anetabolic 
processes effect the decomposition of a vast 
quantity and a rich variety of organic mate- 
rials that otherwise would tend to accumu- 
late on earth in a form not suitable for use 
by other organisms. Without the saprophytic 
bacteria all decay would be eliminated, ex- 
cept lor that relatively small fraction which 
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results from the nutrition of other sapro- 
phytes (e.g., yeasts and molds). 

Decay and Putrefactian. The saprophytic 
bacteria are all spore formers (p. 56), and 
bacterial spores are abundant everywhere ex- 
cept in the purest atmospheres. Consequently 
whenever a mass of organic material, such as 
a dead body or other organic remnant, re- 
mains exposed, bacterial spores fall upon it 
and begin to grow. In their nutrition, the 
saprophytic bacteria utilize the various or- 
ganic substances present in the original ma- 
terial, decomposing these compounds eventu- 
ally into simple inorganic end products. This 
process, as a whole, 1s designated as decay. 

Many different bacteria participate in de- 
cay, and each species is very specific as to the 
organic substances it utilizes as food. Some 
grow on carbohydrates; for example, the 
cellulose bacteria, which use the enzyme 
cellulase to digest woody materials and ob- 
tain glucose; the miulk-souring bacteria, 
which absorb lactose and convert it (anaero- 
bically) into Jactic acid (CH,-CHOH: 
COOH); and the vinegar bacteria, which 
oxidize alcohol (present in hard ciders or 
wines) into acetic acid (CH;-COOH). Other 
bacteria possess different enzymes, which en- 
able them to grow on fatty substances. Thus, 
the smel) of rancid butter is due mainly to 
butyric acid (C3;H;-COOH), produced by 
the action of certain bacteria upon butter 
fat. 

The total decay of protein material is 
designated by the special name of putrefac- 
tion. Putrefaction involves the growth of a 
variety of saprophytic bacterta, which act 
simultaneously and successively upon the 
protein, until nothing but inorganic end 
products remain. During the intervening 
stages, however, a number of foul-smelling 
and toxic substances (for example, various 
organic amines) are formed in the metab- 
olism of some of the species, but these sub- 
stances are finally absorbed and utilized by 
other species. 

Return of Inorganic Nitrogen to the Soil 
and Air. The liberation of the inorganic 


compounds of nitrogen, which results from 
the bacterial decomposition of proteins and 
other organic nitrogen compounds, is very 
important in relation to soil fertility. Some 
saprophytic bacteria utilize urea [CO(NH.)o}, 
hydrolyzing this compound into ammonia 
(NH3) and carbon dioxide (CO,), which: pass 
forth into the environment. The nitrogen of 
proteins and other complex nitrogenous 
compounds is likewise liberated by the 
putrefactive bacteria chiefly in the form of 
ammonia, although small quantities o! free 
nitrogen (N.) are produced by some species. 
Free nitrogen is also liberated by the burn- 
ing (in fires) of organic nitrogen compounds, 
and in greater quantities by the denitrifying 
bacteria. 

Denitrifying Bacteria. “These soil sapro- 
phytes utilize carbohydrates present in decay- 
ing humus. When the soil is well aerated by 
cultivation, the denitrifying bacteria depend 
upon free oxygen for the oxidation of their 
carbohydrates. But when free oxygen is lack- 
ing, they decompose nitrate (—NOs) salts, 
using this bound form of oxygen as an 
oxidizing agent. Under these circumstances 
the denitrifying bacteria liberate free nitro- 
gen. The liberation of free nitrogen from 
various nitrogen compounds represents a 
definite loss of soil fertility, because green 
plants are not able to use free nitrogen to 
sustain their growth. Such a liberation of 
gaseous nitrogen has been designated rather 
loosely as “a leak in the nitrogen cycle.” 

Return of Elements to the Environment. 
In summary, the complete decay of any 
material involves a series of different bacteria 
acting successively upon the various organic 
substances as they appear in the decompos- 
ing mass. Some of the decomposition reac- 
tions are digestive, and others are metabolic 
in nature, but the final end products are all 
simple inorganic substances. The carbon of 
organic compounds emerges from the process 
mainly as COz., and the hydrogen mainly as 
H.,O. The nitrogen part of various organic 
compounds appears chiefty as NHz, although 
smal] quantities of N, and of nitrate (—NQO3) 
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salts may be formed. Other elementary con- 
stituents (S, P, etc.) are also finally converted 
to inorganic form (chiefly —SO,, —PO,, 
ClEx). 

The processes of decay are very important in 
the general economy of hfe. Without decay 
including putrefaction, significant quan- 
tities of the inorganic substances necessary 
for the growth of green plants would not be 
returned to the soil and air. Man also makes 
use of a number of saprophytic bacteria: in 
tanning leather, curing tobacco, making 
cheese, and disposing of sewage. All in all, 
the benefits that accrue from the saprophytic 
bacteria far outweigh the harm done im the 
spoiling of foods and other valuable ma- 
terials. Many methods have been developed 
to preserve foods from the action of bacteria; 
refrigeration retards their digestive and 
metabolic processes; salting plasmolyzes the 
cells; dehydration deprives them of adequate 
water; chemicals kill them; and above all, 
canning prevents the bacteria from regain- 
ing access to food after they have been killed 
by heat sterilization. 
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MIXOTROPHIC NUTRITION 


Mixotrophic organisms are those that can 
carry on more than one mode of nutrition. 
For example, Euglena (Fig. 10-4) and many 
other green flagellates can live like typical 
plants when light is available; but these or- 
ganisms can also grow saprophytically. Eu- 
glena resembles a one-celled animal—in 
having « mouth and gullet, in its ability to 
propel itself through the water, and in lack- 
ing a rigid cellulose cell wall. But Euglena 
also is hke a plant, m that 1t possesses chloro- 
plasts that enable it to carry on photosyn- 
thesis. Likewise Euglena stores its excess 
glucose in the form of starch and _ utilizes 
nitrate salts for the synthesis of amino acids, 
just lke typically holophytic organisms. 
Euglena can live indefinitely without light, 
provided the surrounding medium contains 
adequate amounts of organic substances, 
especially carbohydrates. At the bottom of a 


pond, where there is an abundance of de- 
composing organic material, Euglena carries 
on a saprophytic nutrition, Some other green 
flagellates can also grow holozoically, utiliz- 
ing the mouth and gullet for the ingestion 
of organic foods. But the mouth and gullet 
of Euglena appear to be vestigial and are not 
capable of fulfilling these functions. 
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Fig. 10-4. Euglena, a green flagellate, displays a 
mixotrophic kind of nutrition. 


PARASITIC NUTRITIONS 


A parasitic organism lives on or in another 
organism, deriving food from the living host. 
Parasitic species are found among all kinds 
of plants and animals, although the parasitic 
habit tends to be more prevalent among 
lower organisms. Moreover, there is scarcely 
a single species of animal or plant that does 
not serve as host for one or more parasites. 
Some parasites, like lice, are ectoparasites, 10 
that they never invade the interior of the 
host’s body; but others, lke the tapeworm, 
are endoparasites, which penetrate into some 
internal cavity, or into the tissues or cells of 
the host. 
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The kind of nutrition practiced by a para- 
site depends largely upon its evolutionary 
background. Many parasitic animals, for ex- 
ample, are essentially holozoic, in the sense 
that they ingest the blood or tissues of their 
hosts. But other parasites get their nourish- 
ment essentially like saprophytes, absorbing 
organic substances directly from the body 
fluids, tissues, or cells of their living hosts. 

Many parasites do little or no harm to the 
hosts, aside from “stealing” a certain quan- 
tity of organic material. But many produce 
definite diseases in the hosts, either by direct 
injury to the cells and organs, or by produc- 
ing toxic waste products. Among animal 
diseases, especially in man, many are caused 
by bacterial parasites (for example, diphthe- 
ria, pneumonia, tuberculosis, gonorrhea); 
others are caused by parasitic protozoans (for 
example, malaria, African sleeping sickness, 
syphilis); others by viruses (infantile paral- 
ysis, smallpox, mumps, etc.); and others by 
multicellular parasites (hookworm, trichino- 
sis, etc.). Among plant diseases, most are 
caused by parasitic fungi (rusts, smuts, molds, 
mildews, etc.), although a few are caused by 
viruses. 

Symbiosis. In certain cases not only the 
parasite but also the host derives benefit 
from their association. Such a mutually bene- 
ficial relation between parasite and host is 
called symbiosis. In this category there are 
many interesting cases. The lichens, for ex- 
ample, are essentially dual organisms, for 
among the cells of these multicellular fungi 
there are always a number of unicellular 
green algae (Fig. 10-5). The alga donates its 
extra carbohydrate to the fungus, and the 
fungus aids the alga by contributing water 
and salts, absorbed in excess through the 
hyphae. In this case the symbiotic organisms 
have become completely dependent upon 
each other, and neither is able to live very 
long in the absence of the other. 

Some fungi live symbiotically on and in 
the roots of higher plants (for example, 
trees). These fungi aid the host plants in 
absorbing water and salts, through part of 
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Fig. 10-5. The lichen is a dual organism, which pro- 
vides a good example af symbiosis. Sectian of the 
mycelium showing the cells of a green algo nestled 
among the colorless hyphae of the fungus. 


the mycelium that ramifies out among the 
soil particles; in return, the root of the host 
provides the fungus with the preformed 
carbohydrates. Many herbivorous animals, 
such as the cow, clevelop rich cultures of 
cellulose bacteria in the digestive tract. Here 
the bacteria convert considerable quantities 
of cellulose into glucose that is absorbed in 
part by the host and in part by the parasites. 
In return, the bacteria are afforded ideal con- 
ditions of warmth and darkness while they 
absorb their other essential nutrients (water, 
salts, etc.) from the digesting food mass as it 
passes through the alimentary canal of the 
contented host. 

Neutral Parasites. In some cases, a para- 
site neither harms nor benefits the host in 
any tangible fashion. Such ncutral parasites 
are, perhaps, even commoner than the harm- 
ful and beneficial types. For example, a num- 
ber of species of bacteria inhabit the human 
cligestive tract, especially in the region of the 
large intestine (p. 314). Aside from the fact 
that these bacteria appropriate small quan- 
tities of organic foodstuffs, no definite ill 
results from their presence in the gut. In 
fact, some of the intestinal bacteria of man 
are now known to benefit their host, by syn- 
thesizing several of the B vitamins, of which 
some may be absorbed by the host. 
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A parasite may be neutral with reference 
to one kind of host, but definitely patho- 
genic to another. Such a case is provided by 
Cryptocotyle, a parasitic flatworm. The usual 
host of Cryptocotyle is a seagull, and adult 
gulls are quite immune to the presence of 
the parasite in their intestine. But mammals, 
such as the dog and fox, may become ser1- 
ously ill when they are infected with Crypto- 
cotyle. 

Natural immunity depends to a large ex- 
tent upon the capacity of the host’s tissues to 
form antibody substances (pp. 335 and 336). 
These antibodies counteract the toxic prod- 
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Fig. 10-6. 
on the roots of clover and other leguminous plants. 





ucts of the parasite; and the development of 
natural immunity indicates that an assocta- 
tion between the parasite and host has ex- 
isted for a comparatively long evolutionary 
period. 

Nitrogen-fixing Bacteria. One case of sym- 
biosis deserves special emphasis, because it 
plays an important role in the conservation 
of soil fertility. The nitrogen-fixing bacteria 
live symbiotically in Whe root tissues of sev- 
eral common species of higher plants (Fig. 
10-6). These bacteria are the only organisms 
that are able to utilize free nitrogen (N.) 
in their metabolism. Such a usage involves 


Nitrogen-fixing bacteria. These symbiotic organisms live in the cytoplasm of cells of nodules found 
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the conversion of free nitrogen (N.) into the 
nitrate (—NO,) form of nitrogen, and this 
fixation of nitrogen is an uphill process. Un- 
like most oxidation reactions, the fixation of 
nitrogen requires the absorption of consider- 
able energy. As a source for this energy, the 
nitrogen-fixing bacteria are dependent upon 
glucose (or other carbohydrate) provided by 
the root tissues of the host plant. In return, 
the host receives the excess quantities of ni- 
trate compounds formed by the bacteria. 

Rich cultures of the nitrogen-fixing bac- 
teria live in the cytoplasm of the cells of 
nodulelike swellings that can be seen on 
the roots of the leguminous plants, such as 
beans and peas, and upon the roots of other 
plants, such as alfalfa and clover (Fig. 10-6). 
Frequently such crops are “rotated” with 
ordinary sotl-depleting crops. The nitrate 
compounds formed by the bacteria, with the 
help of the host plant, may be returned to 
the soul directly, if the crop is plowed under; 
or the nitrates may be converted into pro- 
teins that return nitrogen to the soil indi- 
rectly, via the metabolism of animals that 
have eaten the protein, or of saprophytes 
that accomplish their decay. In any event 
the nitrogen-fixing bacteria accomplish the 
important function of reclaiming free nitro- 
gen and restoring it to “circulation” in other 
forms of life. 


CHEMOTROPHIC NUTRITION 


The capacity of green plants to synthesize 
their organic essentials entirely from inor- 
ganic substances represents the primary 
source of organic foods utilized by other 
organisms. However, there are a few kinds of 
bacteria that also can grow in the complete 
absence of organic foods. hese forms, lack- 
ing chlorophyll, cannot utilize the sun’s 
energy to support their metabolism. Instead, 
they resort to the oxidation of certain inor- 
ganic substances, thus obtaining energy for 
synthesizing glucose; and this glucose then 
provides a source of matter and energy [or 
the synthesis of the other organic compo- 


nents of their protoplasm. This kind of nu- 
trition, in which metabolism ts supported by 
energy derived from imorganic oxidations, is 
called chemotrophic nutrition. Likewise, this 
kind of synthesis, which may be formulated 
as follows: 


6CO, +- 6H2O 


+ energy from inorganic oxidations 


chemosynthesis 


CoHi20¢ + 602 


glucose oxygen 


is sometimes referred to as chemosynthesis 
(in contrast to photosynthesis). 

Inorganic substances capable of yielding 
energy through oxidation are not very abun- 
dant in the environment, and_ therefore 
chemotrophic modes of nutrition are re- 
stricted to a relatively small number of bac- 
terial species. 

The nutrition of the sulfur bacteria (Fig. 
10-7) is typically chemotrophic. These bac- 
teria oxidize hydrogen sulfide (H.S), first 
into free sulfur (S) that is stored intracellu- 
larly (Fig. 10-7), and then into sulfate (—SO,) 
compounds as further energy may be needed. 
Other chemotrophic bacteria oxidize free 
hydrogen (to water), carbon monoxide (to 
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Fig. 10-7. Two kinds of sulfur bacteria. The spherical 
droplets are free sulfur. 
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carbon dioxide), iron salts (ferrous to ferric 
salts), and so on. These inorganic oxidations 
provide the energy by which all these species 
synthesize carbohydrate from CO, and HO. 
And since they can also utilize inorganic ni- 
trogen compounds for the synthesis of amino 
acids and proteins, the chemotrophic bac- 
teria, like the green plants, are not directly 
dependent on other organisms for their es- 
sential nutrients. In fact, both chemotrophic 
and holophytic organisms are said to be 
autotrophic, or literally “sell-nourishing.” 
The Nitrite and the Nitrate Bacteria. These 
autotrophic (chemotrophic) bacteria are es- 
pecially nnportant in relation to soil fertility. 
Much of the nitrogen from decomposing 
remnants of plants and animals mm the soil 
is liberated by the saprophytic bacteria in 
the form of ammonia (NH;), or of ammo- 
nium (NH,—) salts, which are not utilzed 
very efficiently by most green plants. But 
nitrate bacteria (Fig. 10-8) are present in 
all rich soil, and these organisms get energy 
for growth by oxidizing ammonia (or am- 
monium salts) into nitrite (—NO.) salts. 
Nitrate Jacteria (Fig. 10-8), possessing a 
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Fig. 10-8. Nitrite ond nitrote bacteria. Nitrosomonas 
derives energy for chemosynthesis by axidizing am- 
monia (NH.), forming nitrites (—NO.); Nitrabacter 
oxidizes nitrites, forming nilrotes (—NO,). 


somewhat different set of enzymes, also ob- 
tain energy by oxidizing the nitrite (—NO.) 
salts into mitrates (—NQ3). Consequently the 
reclamation of nitrate nitrogen from its vart- 
ous other combinations depends upon the 
nitrite and nitrate bacteria, as well as upon 
saprophytic organisms. In performing this 
function, the nitrite and nitrate bacteria gain 
energy with which to synthesize carbohy- 
drates and the other organic components of 
their structure. 


VARIOUS MODES OF NUTRITION: AN 
OUTLINE AND SUMMARY 


According to their nutritional processes 
(Chaps. 7, 9, and 10), living organisms may 
be classified as follows: 


I. Autotrophic. Can synthesize all essen- 
tial organic components entirely from 
inorganic substances; therefore not dt- 
rectly dependent upon other organisms 
for foods. 

a. Holophytic. Utilize 
photosynthesis) as a 
source of energy: green plants. 

b. Chemotrophic. Obtain energy by 
oxidizing inorganic substances: 
sulfur, nitrite, and nitrate bac: 
LETIAV ELC. 

Il. Heterotrophic. Require at least a min- 
mun of preformed organic com- 
pounds; therefore dependent upon 
autotrophic organisms for food. 

a. Holozoic. Obtain organic foods 
by ingestion, digestion, etc.: most 
aninals. 

b. Saprophytic. Absorb — organic 
foods directly from the environ- 
ment with or without external 
digestion: many fungi, including 
most bacteria, some flagellates, 
and a very few higher plants. 

c. Parasitic. Obtain food from the 
bodies of other /iving organisms, 
in or on which they live; some 
species In almost every category 
of plants and animals. 

If. Afixotrophic. Combine autotrophic 
and heterotrophic nutritions in vari- 
ous ways: many flagellates and a few 
higher plants (for example, insecti- 
vorous species; see p. 261). 


light (by 
primary 


Holophytic and holozoic organisms have 
achieved great dominance, and_ practically 
alt complex organisms are clearly divisrble 
into two great groups: the plants and the 
animals. But among unicellular anc simple 
colonial forms there are many borderline 
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organisms and many radical departures from 
the main lines of evolution. In short, many 
methods of gaining matter and energy for 
growth and activity are found among simpler 
living bodies, but only the holophytic and 
holozoic modes of nutrition proved adequate 
for the sustenance of larger and more com- 
plex organisms. 


CYCLIC USAGE OF THE FOOD 
ELEMENTS 


Each organism, regardless of its mode of 
nutrition, grows at the expense of specific 
substances taken from the environment. Con- 
sequently, the life of a species cannot con- 
tinue 1f any substance essential to its growth 
becomes exhausted. In the total economy of 
living things, however, the various food sub- 
stances keep returning to the environment, 
ultimately in their original form and quan- 
tity. The earth is like a sealed but balanced 
aquarium. It receives no significant quantity 
of matter from other parts of the universe. 
But despite this material isolation, the earth 
can supply the material needs of all its in- 
habitants indefinitely—so long as light from 
the sun maintains its strength and continues 
to energize, directly or indirectly, the meta- 
bolic processes of existing organisms. 

The simplest way to realize the inexhausti- 
bility of the material requirements of life is 
to trace the cycle of chemical changes by 
which each element returns to the environ- 
ment after participating in the metabolism 
of various organisms. Each element partici- 
pates in the formation of many protoplasmic 
compounds, but finally each returns to the 
environment in its original form. Thus the 
carbon cycle, the hydrogen cycle, and the 
nitrogen cycle describe the specific series of 
chemical changes by which each of these ele- 
ments is utilized by different organisms and 
finally restored to the environment in the 
original form. Each element exhibits a dif- 
ferent cycle, but only the carbon and nitro- 
gen cycles will be described. 

The Carbon Cycle. The environmental 


source of carbon for all organic syntheses is 
the carbon dioxide present in the atmosphere 
and natural waters of the earth (Fig. 10-9). 
The green plants (by photosynthesis) and to 
a much smaller extent the autotrophic bac- 
teria (by chemosynthesis) take this carbon 
and build it into the molecular structure of 
carbohydrates; and these carbohydrates fur- 
nish all the energy, and a large part of the 
matter needed by plants for the synthesis of 
proteins, lipids, and other organic com- 
pounds in the protoplasm. ‘The potential en- 
ergy stored by green plants in various organic 
compounds is derived initially from the sun, 
and this energy becomes the driving force in 
the metabolism of virtually all other organ- 
isms. Organic compounds, created by plants 
and appropriated by animals, saprophytes, 
and parasites, furnish energy and matter for 
the synthesis of all essential organic compo- 
nents in heterotrophic organisms. Eventually, 
however, all organic compounds suffer de- 
composition: sooner or later all organic car- 
bon returns to the environment as carbon 
dioxide, via the respiration of the organisms 
wherein the energy is utilized (Fig. 10-9). 
The Nitrogen Cycle. The main environ- 
mental source of nitrogen used by green 
plants for the synthesis of the amino acids 
and other essential nitrogen compounds is 
nitrate (—_NO3) nitrogen, in the soil and 
natural waters of the earth (Fig. 10-10). The 
organic nitrogen compounds formed by 
plants are used later by animals and other 
heterotrophic organisms for the synthesis of 
thear proteins. In living animals, proteins 
and other complex nitrogen compounds may 
be catabolized—in which case the nitrogen 
is excreted as urea and other simple nittro- 
genous wastes; or such protein may pass to 
the environment as a remnant of some ani- 
mal. In any event, organic nitrogen in the 
environment is utilized by the putrefactive 
bacteria (Fig. 10-10), which excrete the nitro- 
gen mainly in the form of ammonia (NHs3) 
but partially in the form of free nitrogen 
(N.). Ammonia and ammontum compounds 
in the soil are utilized as a source of energy 
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Fig. 10-9. The cyclic usage af carbon compaunds in various organisms, i.e., the carban cycle. Compounds not 
included in the circles are free in the environment. 
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and matter by the nitrite bacteria, which pro- 
duce nitrites; and the nitrites are used by the 
nitrate bacteria, which finally restore the ni- 
trogen to the environment in its original 
nitrate form. The small quanity of nitrogen 
that tends to “escape from the cycle” as free 
nitrogen (N.) is reclaimed by the nitrogen- 
fixing bacteria. In the roots of leguminous 
plants, these symbiotic bacteria avail them- 
selves of preformed carbohydrate for energy 
to oxidize free nitrogen to its nitrate form. 


SOLAR ENERGY AND THE PERPETUATION 
OF LIFE 


Each of the elements undergoes a closed 
cycle of chemical changes as it 1s utilized in 
the metabolism of various organisms. Con- 
sequently the material requirements of liv- 
ing things will never be exhausted so long as 
these cycles continue. To keep going, these 
cyclic changes do not require new matter, 
but they do require new energy, and this en- 
ergy comes from the sun. Therefore the 
perpetuation of life as we know it depends 
upon the light of the sun. 

The radiant energy absorbed by the chlo- 
rophyll of green plants is transformed into 
the potential energy of free oxygen and glu- 
cose—and indirectly into the potential energy 
of other organic compounds. All organisms 
get energy from organic substances and, in 
the process, eventually convert them back 
into their original form. The energy liberated 
by the complete oxidation of a given amount 
of carbohydrate is exactly equal to that pre- 
viously absorbed in the photosynthesis of 
this carbohydrate. All energy transforma- 
tions whether in animate or inanimate bodies, 
obey the First Law of Energy. Energy is con- 
served in that the total quantity of energy 
remains the same regardless of all transfor- 
mations. But the energy released by the oxt- 
dation of carbohydrate does not appear in its 
original form. Much is hberated directly as 
heat, and only part is transformed into the 
chemical potential energy of other complex 
organic compounds, such as proteins and 


lipids. Eventually all the organic compounds 
in protoplasm are decomposed. In the catab- 
olism of various cells, these decompositions 
give forth many kinds of energy, mechanical, 
electrical, osmotic, etc.—but eventually all 
energy liberated in organisms is transformed 
into heat. Therefore the net result of all ac- 
tivities in living organisms is the transforma- 
tion of a certain quantity of energy from 
light finally into heat. 

The sun is the source of practically all the 
available light energy on our earth. The sun 
liberates stupendous quantities of energy, 
probably by atomic fissions and fusions that 
occur spontaneously at high temperatures, 
but only a small fraction of the kinetic en- 
ergy from the sun falls upon our earth. Of 
this small fraction the greater part strikes 
inanimate bodies (rocks, water, soil, etc.), 
which absorb the light and transform it im- 
mediately into heat. Only that minute frac- 
tion of solar energy that happens to fall 
upon the green plants escapes immediate 
degradation. But this fraction launches upon 
a peculiar and roundabout series of trans- 
formations that motivate the complex ac- 
tivities of living organisms. Then finally this 
energy likewise becomes converted entirely 
into heat. 

Unlike matter, the energy utilized by liv- 
ing things does not form a closed cycle. This 
energy continuously runs “downhill’—from 
light to heat—turning the wheels of life as it 
flows. As it is formed, the heat is dissipated; 
it warms the water, the soil, the air, etc., and 
gradually it escapes into interstellar space. 
What eventually may become of this dis- 
sipated energy—whether it may be trans- 
formed back into some useful form in some 
unknown part of the universe—we do not 
know. So far as our earth is concerned, all 
processes, in living and in nonliving nature, 
conform with the Second Law of Energy; all 
forms of energy are continually degraded into 
heat and dissipated. ‘Therefore the extinction 
of life on this planet must inevitably occur— 
if and when the radiant energy of the sun 
becomes too feeble to maintain a proper tem- 
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perature in the environment and to support 
the metabolism of green plants and, indi- 
rectly, of other organisms. 


ORIGIN OF LIVING MATTER 


The origin of Hving organisms directly 
from nonliving matter, under present-day 
conditions m1 our environment, was a doc- 
trine widely believed by scientists until about 
one hundred years ago. First it was thought 
that worms could come lrom mud, or mag- 
gots from meat, and so Torth; later it was 
held that microorganisms, at least, could 
arise from the nonltving ingredients of de- 
composing beel broth. Finally. however, the 
classic experiments of Redi (1650), Spallan- 
gam (1750), and Pasteur (1860) proved that 
this doctrine, culled spontaneous generation, 
could not be substantiated. But what alterna- 
tive was left to scieice? 

Since the Pasteur experiments, the preva- 
lent idea has been that some primitive form 
of protoplasm originated from nonlving mat- 
ter during the Archeozoic Era (p. 563)—some 
two billion years ago—when conditions on 
this planet were quite different. Unul re- 
cently, however, no definitive theory could 
be formulated, partly because speculations 
on the nature olf the early environment were 
premature and misleading, and partly be- 
cause scientists hesitated to theorize when so 
very lew dati werenvatlable. Gridualmadess 
on the nature of the early environment began 
toscianily however, and i 1936. the Russiin 
biochemist A. I. Oparin crystallized current 
thinking in his book, The Origin of Life. 
Since that time, the contributions of Harold 
Urey and Stanley Miller of Cahfornia, and 
of George Wald of Harvard University have 
ledte-irther advances: Finally, therefore: 1t 
now seems possible to reapproach the prob- 
lem in a scientific manner and to ask such 
questions as: how did) organic matter and 
primitive organisms come into being? and 
what was the nature of these first forms of 
life? 

It Is necessary to realize that the early at- 


mosphere of the earth did not contain any 
gaseous oxygen (O.) or nitrogen (Nz), but 
that other gases, particularly hydrogen (Hs), 
ammonia (NH3), methane (CH,), and water 
vapor (H.O) were abundant. The tempera- 
ture at the earth’s surface was somewhat 
above the boiling point of water and there 
was considerable energy in the form of elec- 
trical discharges, from large cloud masses in 
the atmosphere, and from ultraviolet radia- 
tions Irom the sun, which could penetrate 
the clouds. 

These concditions—a reducing atmosphere, 
suitable sources of carbon, hydrogen, and 
nitrogen, and abundant available energy— 
seem highly conducive to the formation and 
stabilization of organic molecules. Conse- 
quently, some recent experiments in which 
these conditions were duplicated as closely 
as possible are of tremendous interest. In 
1953, Stanley Muller, working from sugges- 
tions by Harold Urey, arranged to circulate 
the gases of the early atmosphere through a 
closed system of vessels into which a con- 
tinuous series of electric sparks was being 
discharged. At the end of only eight days, 
Miller found that significant quantities of at 
least three (probably five) different amino 
acids had accumulated in the water trap of 
the system, and there was evidence that other 
more complex unidentified organic com- 
pounds had come into being. In other words, 
it now seems probable that a variety of or- 
ganic compounds could have been generated 
spontaneously in the ancient terrestrial en- 
vironment and that these could have become 
well concentrated as the waters of the earth 
underwent condensation and evaporation. 
Granting the presence of such organic com- 
pounds in the early environment, the prob- 
lem of how hfe may have arisen is greatly 
simplified—especially when one thinks of the 
infinity of time that has been available. 

Certain molecules, especially amino acids 
and nucleic acids, by virtue of their intrinsic 
structure can form stable aggregates of con- 
siderable size. Moreover, such aggregates dis- 
play a maximum stability when a certain size 
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is reached. Consequently, larger particles that 
might arise would tend to split into smaller 
ones when the point of maximum stability 
was passed. Conceivably such phenomena 
might lead toward the more complex proc- 
esses of growth and reproduction such as 
exist today, but nothing is known about the 
stages of transition. One cannot say how 
genes and enzymes first originated, nor how 
these remarkable entities gradually achieved 
some primitive form of protoplasmic organi- 
zation. 

Nature of the First Organisms. It was com- 
monly believed for many years that the 
earliest organisms were very primitive green 
plants, similar perhaps to the blue-green 
algae (p. 594) of today. Considering what 
now seems true about the early environment, 
however, this theory must be abandoned. 
Carbon dioxide was not present in the early 
atmosphere and photosynthesis could not 
occur. It seems more probable, instead, that 
early primitive “organisms,” generating in 
the rich organic brew that had accumulated 
in landlocked evaporating basins, derived 
their energy from fermentation or some other 
anaerobic kind of metabolism. In other 
words, the earliest organisms probably were 
saprophytes, which absorbed organic material 
from the environment and gained energy 
from anaerobic processes of metabolism. Such 
metabolism, to be sure, is relatively ineffi- 
cient, but it does liberate energy when oxy- 
gen is lacking, and it does produce significant 
amounts of CO,. Indeed, it seems quite likely 
that the carbon dioxide of our atmosphere 
originated completely from the metabolic 
activities of primitive organisms. This sounds 
incredible, at first. But when we consider 
that the green plants of today take up from 
the atmosphere the total supply of CO, once 
every three hundred years and that the 
Archeozoic Era endured at least two billion 
years, the credibility becomes apparent. 

Evolution of Green Plants. Photosynthesis 
could not develop until an adequate supply 
of CO, became available in the environment, 
presumably as a result of fermentative proc- 


esses im an ever-increasing population of 
saprophytic organisms. ATP, undoubtedly, 
assumed importance as an energy source very 
early in the evolution of protoplasmic sys- 
tems; and presumably the cyclic type of 
photophosphorylation (p. 162), which does 
not generate free O,, may be regarded as an 
early step in the direction of photosynthesis. 
With the advent of chlorophyll, bowever, 
photolysis and consequently the generation 
of free O. must have started, so that oxygen 
began to be an Important component of the 
atmosphere. Accordingly, the greater efh- 
ciency of oxidative metabolism eventually 
could be extended from the green plants, 
where 1t must have originated, to the sapro- 
phytes, which previously had lived entirely 
by anaerobic means, and to new organisms 
that began to take on the habits of holozoic 
nutrition. Thus again we are forced to an un- 
familiar conclusion. Not only have organ- 
isms been shaped in large measure by the 
changing environment, but also the environ- 
ment itself has been fashioned and refash- 
ioned by organisms. Indeed, even today it is 
found that the oxygen of our atmosphere ts 
completely replaced every two thousand 
years as a result of the metabolism of hetero- 
trophic organisms and the photosynthetic 
activities of green plants. 

Does Life Exist Elsewhere? Astronomical 
evidence indicates that planets similar to 
the earth in size, composition, and tempera- 
ture occur quite rarely in the universe. But 
the universe 1s exceedingly large. In our own 
galaxy alone, there are thousands of earth- 
like planets; and at the present time almost 
a hundred million other galaxies have come 
into range of the most powerful telescopes. 
The inescapable conclusion is, therefore, that 
living things must have arisen and are arising 
in many places. We do not have to shoulder 
the whole burden of life’s destiny. But we 
are isolated from other life-bearing planets 
by stupendous distances, and across such dis- 
tances, probably, no signals will ever pass. 
We cannot know how life is faring elsewhere. 
We can only wish it well. 
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TEST QUESTIONS 


Define the term “fungi.” Name eight kinds 
of fung1. 

Identify and exemplify each of the following 
terms: (a) myceltum: (b) hypha; (c) rhizoids; 
(d) sporangiophore. 

Name at least three kinds of saprophytic or- 
ganisms. What is distinctive about this mode 
of nutrition? 

Discuss anaerobic metabolism in yeast. What 
is the significance of this type of metabolism 
(a) to the yeast? (b) to mankind? 

How are the yeast and the bread mold dif- 
ferent. as regards their capacity to utilize: 
(a) starch; and (b) nitrate salts, present in the 
culture medium? 

Differentiate between decay and putiefaction. 
What mode of nutrition is exemplified by 
the organisms that are involved in these 
processes? 

Name three kinds of bacteria that are im- 
portant in the decomposition of carbohy- 
drates and fats, specifying the product or 
products formed by each. 

Specify the final end products of decay and 
putrefaction (taking these processes as a 
whole). 

Explain the general importance of decay and 
putrefaction in relation to: (a) the kinds of 
matter that arc disposed of; and (b) the 
kinds of matter that are liberated. 

What is a parasite? Differentiate between 
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harmful and neutral parasitism. citing two 
examples in each case. 

Explain the nature of symbiosis, citing at 
least three specific examples. 

Explain the phrase “cyclic usage of the food 
elements,” using the carbon cycle to exem- 
plify the discussion. 

Name five different kinds of bacteria that 
play a significant role in the nitrogen cycle. 
and in each case specify: (a) the habitat of 
the species; (b) its mode of nutrition; and 
(c) the nitrogen compounds used and pro- 
duced by the species (use equations, if pos- 
sible). 

Classify various organisms on the basis of 
their nutrition, naming at least one specific 
organism in every group. 

Explain the relation of hght energy to the 
other forms of energy expended by living 
organisms. How is this problem related to 
the eventual extinction of hfe upon this 
planet? 

How was the early environment of the earth 
different from that of today? 

What was the nature of the earliest organ- 
isms? 

What is the basis for deciding that the first 
living things could not have been green 
plants? 

Does life exist elsewhere 
Explain. 


in the universe? 
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THE CHANGING conditions within and 
around each living body constantly act as 
stimuli that excite the organism to perform 
a variety of responses. The dog searches for 
food when stimulated by the hunger con- 
tractions of his empty stomach; if over- 
heated by the sun he may lie down in a 
shady spot. Responsiveness includes the sum 
total of all an organism’s reactions to stimul1. 
Our present aim is to analyze some of the 
factors that determine the responses of rela- 
tively simple organisms. 


DISCONTINUOUS (ABRUPT) VS. 
CONTINUOUS (SLOW) RESPONSES 


The most characteristic responses of organ- 
isms are of very short duration. They flare 
up and quickly subside after the stimulation 
ceases—as when one shies from a tossecl stone 
or sneezes from some dust. The magnitude of 
such discontinuous responses is out of all 
proportion to the strength of the stimula- 
tion. Some very slight stimulus—of sight, 
touch, sound, etc.—precipitates a very ener- 
getic reaction. 

In abrupt or discontinuous responses the 
stimulus does not provide the energy ex- 
pended during the reaction. Like the pres- 


sure on the trigger of a rifle, the stimulus 
merely precipitates the liberation of a sud- 
den burst of energy, and this burst subsides 
as soon as the responsive act has been per- 
formed. Accordingly, discontinuous responses 
are also called “explosive responses,” and 
the stimulus is said to display a “trigger 
action.” 

In other cases, however, a very gradual and 
enduring change of condition (such as light, 
temperature, atmospheric pressure) leads to 
an equally gradual and enduring change in 
the general form and activity of the organ- 
ism. A continuous exposure to the sun, for 
example, produces a gradual browning of 
the skin, or a lengthy sojourn at high alti- 
tude leads to a gradual enrichment of the 
hemoglobin of the blood. In such continu- 
ous responses, the quantity and quality of 
the bodily changes depend in large measure 
upon the quantity and quality of the stimu- 
lating factors. In the broadest sense such 
gradual changes in the organism may be 
called responses, and the environmental fac- 
tors may be referred to as stimuli. But for 
the present, the discussion will include only 
responses of the discontinuous or “explosive” 
type, in which the stimulus exerts a “‘trigger- 
like” action. 
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SUCCESSFUL STIMULATION: THE STATE 
OF EXCITATION 


Excitability is a universal protoplasmic 
characteristic. When successfully samulated, 
every cell displays a wavelike change of 
structure and activity that originates at the 
point of stimulation, spreads throughout all 
parts of the protoplasm, and then subsides. 
This abrupt and strictly temporary disturb- 
ance of the ordinary resting condition of the 
protoplasm is designated as excitation. ‘The 
excited state is invariably the forerunner of 
any definite cellular response, such as the 
contracting of a muscle or the secreting of a 
gland. 

Some cells, like muscle cells, perform some 
visible action each time they are stimulated, 
and im such cases the visible action serves to 
indicate that a stimulation has been success- 
ful. But for cells like nerve cells, which are 
icapable ol executing any visible act, sev- 
eral other criteria of successful excitation are 
available. Invaniably there is a propagated 
change in the electrical potential of the cell 
membrane, and this action potential spreads 
in exact synchrony with the = excitation. 
Excitation 1s also accompanied by the hbera- 
tion of a small quantity of heat, and in most 
cases at: least, exacted cells -chsplay “a ‘teni- 
porary imcrease of permeability. Apparently 
excitation precipitates a temporary flare-up 
iy the metabolism of the cell; and during 
excitation special enzymes and substrates, 
which are not used during periods of rest, 
are utilized by the excited cell. 

The Action Potential. An action potential 
is an infalhble sign of successful excitation. 
It has been measured accurately ino many 
kinds of aninal and plant tissues and im 
quite a number of individual cells. In the 
case of a single cell, difficulty is encountered 
unless the cell, like a nerve or muscle cell, is 
long enough to allow for the placement of 
electrodes leading to a galvanometer (Fig. 
11-1), or to an oscilloscope. 

The electrical potential, which gives rise 
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11-1. 
nerve cell. A nerve impulse (the arrow) traveling along 
a nerve fiber betrays its presence as a rapidly moving 
wave af negativity (as compared with the pasitivity of 
resting, inactive regions of the nerve fiber). Note how 
the needle af the galvanometer shifts as the impulse 
travels. 


Fig. Bioelectric patentials in the axon of o 


to an action current, varies between 0.01 
and 0.1 volt (10 to 100 millivolts), although 
i animal cells it tends to approximate the 
higher value. The current generated in one 
cell, or group of cells, may be strong enough 
to spread to neighboring cells, thus relaying 
the excitution (Fig. 11-2). In the heart, for 
example, the excitation for each beat origt- 
nates in a small mass of tissue in the wall of 
the right auricle. From this point the current 
travels along a highly specialized group al 
muscle fibers, reaching the other auricle and 
the ventricles in time to touch off their con- 
tractions just at the proper instant. In taking 
the electrocardiogram, the physician records 
the strength and pattern of the shifting ac- 
tron potential as it spreads throughout the 


Fig. 11-2. The electric potentials developed in a 
beating heart are strong enough to stimulate a 
nerve, if it is brought into contact with the heart. 
In the experiment above, the frog muscle twitches 
with each beat of the dog’s heart. Note the wave 
of electrical negotivity that occompanies the 
wave of activity (contraction) in the heort tissue. 
(Redrawn from The Machinery of the Body, by 
Carlson and Johnson. University of Chicago Press.) 


heart, and these measurements prove helpful 
in diagnosing cardiac function. 

Bioelectric Potentials. Each cell, of course, 
is bounded by a plasma membrane that, in 
the living state, displays a very distinct 
electrical polarization. The outer surface 1s 
positive in relation to the negatively charged 
inner surface. In the resting, or unexcited, 
cell this difference of potential is called the 
resting potential; it usually amounts to some 
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50 to 100 millivolts (Fig. 11-3). When a cell 
is excited, however, a localized and momen- 
tary depolarization of the membrane occurs 
and, in fact, there is even a reversal of the 
normal polarity. This rapid shifting of the 
membrane potential is called the action po- 
tential (Fig. 11-3). The action potential is 
not static, however. It rapidly propagates it- 
self over the entire cell surface, starting at 
the point of stimulation. Moreover, the 
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Fig. 11-3. 


Bioelectric potentials as recorded in the axon of a giant nerve cell (squid). The 


velocity of the action patential, as it speeds along the nerve fiber, is in exact synchrony with 
the tronsmission of the excitation, or nerve impulse. The velocity specified here, however, is 
derived from a mammalian nerve. (Modified from Bernhard Katz.) 
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propagauon is synchronous with the spread- 
ing of the state of excitation. 

Resting potentials and action potentials 
have been studied most extensively in nerve 
cells, particularly the giant nerve cells of the 
squid and other mollusks. These cells are 
large enough to permit one of the electrodes 
to the oscilloscope to be placed inside the 
cytoplasm, while the other is kept on the 
outer suriace of the cell menibrane (Fig: 
11-3). Many other cells and tissues have also 
been studied, however, and it is safe to con- 
clude that the propagation of a definitive 
action potential is a universal characteristic 
of cellular excitation. 

The basic nature of these bioelectric po- 
tentials will be discussed more fully later, in 
a section dealing with the nervous system 
(Chap. 25). Here, however, a few important 
general factors will be considered. 

The maintenance of an adequately high 
resting potential and the maintenance of 
excitability depend upon the active ion 
transport mechanisms of the cell (p. 121). 
These mechanisms build up the concentra- 
tion of potassium ions (K+) inside the meim- 
brane, Irequently to a point where it is 30 
times the outside concentration; and at the 
same tune the “sodium pump” tends to keep 
the sodium (Nat) concentration about 10 
times lower inside than outside. But several 
other factors must also be kept in mind: (1) 
the cell membrane is distinctly more perme- 
able to potassium (K+) ions than to sodium 
(Nat); (2) the mobility of K+ 1s greater than 
that of Na+; (3) most of the negatively 
charged ions inside the membrane are large 
organic amions, such as protem, which have 
very low mobility and virtually no pene- 
trability; (4) most of the anions outside the 
membrane, among which chloride (Cl—) ts 
heavily represented, are small inorganic 
tons; and (5) the ion conductance of the 
resting membrane is very low. 

Granting the foregoing conditions, which 
tend to be universally present, a resting 
membrane potential of the observed magni- 


tude is inevitable. Perhaps the most impor- 
tant factor is the high concentration gradient 
of the K+ ion. These mobile ions, driven by 
the high gradient, tend to escape through 
the membrane, but the large anions inside 
the cell are not able to follow. Thus a 
counter electrostatic force is built up, which 
holds a layer of K+ ions hovering close to 
the outer surface of the membrane. Accord- 
ingly the outer surface is always positive in 
relation to the mner surface. Sodium ions, on 
the other hand, experience great difficulty in 
penetrating the resting membrane. More- 
over, if such penetration should occur, chlo- 
ride (CI—) ions would acompany the Nat, 
canceling out the charge. Sooner or later, 
the sodium would be expelled by virtue of 
the active transport mechanisms. 
The toregoing factors hkewise 
dominant role in the generation of the 
action potential, which invariably accom- 
successful excitation. A stimulus 
changes the membrane structure at the point 
of stimulation. In this small area, the mem- 
brane momentarily becomes much more 
permeable to ions, particularly sodium ions 
(Fig. 11-3). In this sharply localized region, 
therefore, sodium ions, driven by the high 
gradient and electrical potential, enter the 
cell very rapidly, canceling the negativity of 
the inner membrane surface and allowing 
potassium) ions to escape from the outer 
surface. This rapid and momentary exchange 
ol ions effects a localized depolarization of 
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the membrane. Locally the outer surface in 
the excited area becomes distinctly negative 
with reference to surrounding unexcited 
areas. The influx of sodium is so vigorous, 
in fact, that a reversal of polarity occurs in 
the strictly localized excited area (Fig: 11-3): 
Within a few milliseconds, however, when 
the action potential is reaching its peak 
(Fig. 11-3), normal structure and resistance 
are regained by the membrane. Then quickly 
the membrane potential returns to normal 
signi and value. Meanwhile, however. the 
excitation keeps spreading. A wave of nega- 


tivity travels over the cell surface. Apparently 
the changing potential in each localized 
area touches off excitation in neighboring 
areas and the excitation is propagated with 
undiminished vigor. 

Apparently the maintenance of an elec- 
trically polarized membrane is an essential 
factor in maintaining reactivity in living cells. 
Whenever polarization is locally abolished, 
excitation occurs; conversely, whenever ex- 
citation occurs, the polarization is momen- 
tarily abolished. These changes are not neces- 
sarily confined to the plasma membrane. They 
may extend via the membranes of the endo- 
plasmic reticulum to deeper parts of the cell. 

Excitation Metabolism. An excited cell 
immediately begins to liberate extra heat, 
but it does not immediately begin to con- 
sume extra oxygen. In fact, many cells, such 
as muscle and nerve cells, can continue to 
respond to stimulation for quite a while after 
their oxygen has been used up. This excita- 
tion metabolism should not be confused with 
the recovery metabolism, which follows ex- 
citation. Recovery always involves an extra 
consumption of oxygen and an extra produc- 
tion of carbon dioxide. In short, the recovery 
reactions supply the energy required to re- 
store the cell to its original condition (aside 
from the loss of a small quantity of oxidized 
fuel), When recovery metabolism is inhib- 
ited, as by lack of oxygen, the cell more 
quickly reaches a state of total fatigue—that 
is, a state in which it can no longer respond 
to stimulation. It may respond later, how- 
ever, 1f it has been allowed to recover in the 
presence of an adequate supply of oxygen. 

The precise nature and role of the excita- 
tion metabolism in relation to membrane 
structure and potential remains an open 
question. In nerve cells it has been proposed 
by David Nachmansohn of Columbia Unt- 
versity that excitation involves the liberation 
of an excitatory substance, acetylcholine (p. 
455), which then is hydrolyzed by a special 
enzyme, cholinesterose, as the excitation sub- 
sides. More evidence is needed, however, be- 
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fore the question can be resolvec! completely. 

The Refractory Period. Immediately follow- 
ing excitation, before the membrane has re- 
turned to its original state, there is a brief 
absolute refractory period, during which the 
cell cannot be re-excited by any stimulus, 
however strong; and following this, there 1s 
a relative refractory period, during which an 
unusually strong stimulus is required to elicit 
excitation. The duration of the total refrac- 
tory period differs in different cells, from 
less than 0.001 second (in nerve cells) to a 
number of seconds (in plant cells). Due to the 
refractory period, the state of excitation is 
self-limiting: a cell cannot remain continu- 
ously in the excited state. 

The refractory period also has an impor- 
tant bearing on the rhythmicity of certain 
responses, such as the beating of heart muscle 
or of cilia, since the refractory period im- 
poses a definite limit upon the [frequency at 
which the responses are able to recur. Many 
responses that appear to endure for some 
time, like the prolonged contraction of a 
body muscle, actually represent a series of 
rapidly recurring responses. In the case of 
the muscle this can be seen in the electrical 
records, for the electromyogram always shows 
a series of action potentials occurring syn- 
chronously with the excitations. 


STIMULI AND STIMULATION 


Any physical or chemical change occur- 
ring within or around a living body may act 
as a stimulus, provided the quantity, quality, 
and rate of the change are properly adjusted 
to the sensitivities of the cell or cells that are 
to be excited. The various kinds of stimuli 
capable of exciting cells and organisms gen- 
erally may be classified as follows: 


Mechanical stimuli: Contact, pressure, sound. 

‘Thermal stimuli: Changes of temperature. 

Concentration stimuli: Changes in the concen- 
tration of substances. 

Chemical stimuli: Changes in the kinds of sub- 
stances present in or around the organism. 
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Electrical stimuli: Changes in strength or direc- 
tion of electric Currents. 

Photic stimuli: Changes in the intensity, color, or 
direction of light. 

Most cells can be excited by several kinds 
of stimuli, but usually each kind of cell ts 
especially susceptible to a particular kind of 
suumulation. Successful stimulation of the 
retinal cells of the eye, for example, requires 
an unbehevably small quantity of light, 
whereas another kind of stimulus, such as a 
blow on the temple, can arouse sensations of 
light (“seeing stars’) only if the intensity of 
the stimulus 1s relatively great. In the case of 
specialized cells, nonspecific stimuli are rela- 
(ively ineffective; but there is one important 
exception to this general rule. All cells are 
easily excited by electrical stimulation, and 
this fact emphasizes the role of the action 
potential as a normal agency in propagating 
the excitation, once a cell has been aroused. 

The rate of the stimulating change has a 
distinct influence upon its effectiveness, as 
can be demonstrated with light as an exam- 
ple. The rapid brightening or dimming of a 
light 1s always noticeable. But if the change 
develops slowly, it may fail to excite the cells 
of the retina, and consequently it is not per- 
ceived. ‘Too short a change may also [ail to 
excite the retina. An intermittently [ashing 
light is perceived to be continuous if the 
individual flashes begin to follow one an- 
other at a rate exceeding about 14 per sec- 
ond. 

Electrical stimulations will also illustrate 
the foregoing points. If a direct current is 
passed through a muscle, no contraction oc- 
curs except at the moment when the current 
is turned on or off—that is, while a change 
of current intensity is taking place. But 
the rate ol the change must also be ad- 
usted properly if the muscle is to be excited. 
Even with adequate voltage, no excitation 
occurs if the current rises or falls too slowly 
or too quickly. 

Receptors, Conductors, and Effectors. In 
multicellular organisms a typical response 
involves not one, but a series of cells, each 


playing a specialized role. Let us take, for 
example, the closing of the pupil, which 
occurs when a bright light is directed into 
the eye. In this response the light does not 
act directly upon the muscle cells of the iris, 
which control the size of the pupil opening. 
Only the cone and rod cells of the retina, 
deep inside the eyeball, are excited by the 
light. Thus the retinal cells act as receptors 
when hght is the stimulating agency. But 
after these cells receive the stimulus, they 
relay the excitation to a series of nerve cells, 
which serve as the conductors of the respon- 
sive system. ‘The nerve cells conduct at high 
speed, and within about 0.0] second they 
transmit the excitation to the musele cells 
of the iris. Thus the muscles are the effectors 
of this response, in that the muscles contract 
and close the pupal. 

A receptor is any part of the organism that 
displays a special sensitivity to excitation, 
usually by a specific kind of stimulus. The 
main function of the receptor is to generate 
excitations and relay them to the conductor 
structures. A conductor is any specialized 
part of the organism that serves to propa- 
gate excitations toward an eftector. And 
finally, an effector is a specialized part of the 
organism that executes the final or “active” 
phase ol a response. 

In the higher animals, including man, the 
receptors are mainly represented by the sen- 
sory cells and the sense organs; the con- 
ductors, by the cells of the nervous system; 
and the effectors, by the muscles and glands. 
But in many unicellular organisms there are 
receptor, conductor, and effector structures, 
differentiated within the single cell. 

Responsive Mechanisms in One-celled Or- 
ganisms. When the advancing pseudopodium 
of an amoeba is probed with a microimstru- 
ment, the amoeba withdraws the pseudo- 
podium and starts retreating in the opposite 
direction (Fig. 11-4). Plainly the excitation 
does not remain localized at the point where 
the stimulus is received. It is conducted 
throughout the cell, or otherwise the several 
pseudopodia, which serve as effectors, could 


Fig. 11-4. Response of an amoebo, pricked by a 
microneedle. The specimen moves away in o co- 
ordinated manner, indicating thot the excitotion 
is conducted from the site of stimulotion to all 
parts of the cell. 


not act in a concerted fashion as the amoeba 
alters the direction of its locomotion. In the 
amoeba, apparently, any part of the cell may 
serve temporarily as receptor, conductor, or 
effector, and scarcely any definite differentia- 
tion of these parts can be recognized. In the 
amoeba, however, it has recently been shown 
that the tip of an advancing pseudopodium 
is consistently negative in relation to other 
parts of the cell surlace, which indicates that 
the action potential has its origin here. 

Perhaps the commonest specialized recep- 
tors in unicellular organisms are the red- 
colored chromatophores, or “‘eyespots,” that 
are found in many green flagellates (Figs. 
9-7 and 10-4). Each chromatophore is a small 
pigmented granule, which is generally re- 
garded as a photoreceptor. Probably many of 
the light-seeking responses that are char- 
acteristic of the phytoflagellates are initiated 
in these receptor structures. 

The cilia and flagella of the Protozoa and 
free-swimming algae serve as effectors of 
mechanical response, and probably also as 
receptors of tactile stimuli, since frequently 
these parts are first to make contact with ex- 
ternal objects. Many protozoans, especially 
ciliates, also possess internally placed con- 
tractile fibrils, called myonemes (Figs. 11-5 
and 11-6). These intracellular effectors act 
more or less like the muscle fibers of higher 
animals. By shortening quickly and forcibly, 
the myonemes enable a one-celled organism 
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to change its shape, sometimes in very drastic 
fashion. 

Specialized conductors are relatively rare 
among unicellular organisms. The undiffer- 
entiated protoplasm of these cells propagates 
an excitation at a comparatively slow rate 
(see p. 447), but within the single cell this ts 
fast enough. Certain large ciliated proto- 
zoans, however, display a delicate network 
of intracellular threads, called neurofibrils. 
The neurofibrillar network forms an inter- 
connection between the cilia all over the 
body, and it is thought that the neurofibrils 
are a conductor system, which coordinates 
ciliary activity. 

Ciliary Movement. Broadly speaking, the 
term ciliary movement includes the beating 
of flagella as well as of cilia, although cilia 
differ from flagella in being shorter, stouter, 
and more numerous. Flagella are character- 
istic of many protozoans and algae, and of the 
sperm cells of higher plants and animals gen- 
erally. Cilia are found in a large group of 
the Protozoa (p. 625) and in the ciliated 
epithelia of the respiratory and genital tracts 
of higher animals. 

In action, a cilium swings stiffly and rap- 
idly in one direction, then limply and slowly 
returns to its original position (Fig. ]]-7). In 
most ciliated epithelia the stiff effective 
stroke is always in one direction. For exam- 
ple, in man’s bronchial passages, the ciliary 
beat is always upward, so that dust and other 
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Fig. 11-5. 
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A living Varticella, expanded candition. Note the myoneme that 


extends alang the stalk. (Bausch and Lamb Optical Ca., Inc.) 


foreign particles are carried trom the lungs 
up through the trachea into the throat. In 
the Protozoa, however, the direction of the 
ciliary beat may be reversed temporarily, as 
when a paramecium backs away from = an 
obstacle. 

An active Aagellum displeys a whirling 
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Fig. 11-6. Varticella, a stalked ciliated protozaon; 
A, expanded; B, contracted. The contraction is effected 
by the shortening of the myoneme, (Other intracellulor 
structures—nucleus, etc.—ore omitted from 
the figure.) 
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movement, especially at the free end, like the 
uwirling of a whip. In some cases this action 
pulls the cel! forward, as a propeller pulls 
an airplane, but in others it pushes the cell 
as a propeller pushes a steamship. 

Recent electron microscope studies, int- 
tiated by Keith Porter of the Rockefeller 
Institute for Medical Research, show that the 
cilia and flagella from a wide variety of 
plants and animals display a uniform struc- 
ture of considerable complexity. Always there 
seem to be ten pairs of fibrillae that extend 
lengthwise out into the cilium (or flagellum). 
The arrangement of these ten double fila- 
ments always conforms to a similar pattern, 
which is best shown in cross-sectional view 
(Fig. 11-8). Probably, these ciliary fibrillae 
are comparable to myofibrillae (p. £35), the 
contractile elements of muscle fibers, but ex- 
perimental evidence is not available. 

Amoeboid Movement. The amoeba moves 
by means of pseudopodia, which are strictly 
temporary protoplasmic extensions, projected 
from the surface of the cell. During locomo- 
tion, the protoplasm of the amoeba continues 
to flow forth into the leading pseudopodium, 
so that the cell moves as the pseudopodium 
extends. The pseudopodia also play a part in 
ingestion, when the amoeba engulfs small 
food particles from the surrounding medium. 


Fig. 11-7. Diagram illustrating mave- 
ment of a cilium. The cilium appears 
to be relatively rigid during the ef- 
fective strake, but limp during the 
recovery. 


Amoeboid movement is not restricted to 
the amoeba and other protozoans, but is also 
encountered in the white blood cells (leu- 
cocytes) and connective tissue cells (fibro- 
blasts) of higher animals. Leucocytes migrate 
throughout the body by amoeboid move- 
ment, squeezing their way among the cells 
of other tissues, and engulfing particles of 
organic debris and bacteria, if the tissue is 
infected. This activity of leucocytes is called 
phagocytosis, although essentially phagocyto- 
sis resembles the process of ingestion in the 
amoeba and other free-living cells. In the 
human body there are also certain epithelial 
cells, located especially in the liver and 
spleen, which act as stationary phagocytes. 
Despite the fact that these cells are anchored 
in a fixed position in an epithelial surface, 
each is able to thrust forth pseudopodia from 
its free end and to engulf solid particles from 
the blood stream, upon which the epithelium 
borders. 


Fig. 11-8. Cross-sectional view of a 
group of cilia (six) fram the lateral sur- 
face af the gill of a clam (Anodonta 
cataracta), photographed under the 
electran micrascope at a magnification 
af 110,000 diameters. In each cilium, 
nate the nine dauble filaments, in cir- 
culor arrangement just inside the 
boundary membrane, ond the ane 
dauble filament, at the center af the 
cilium. (Courtesy of J. R. Gibbons, Har- 


vard University.) 


EFFECTIVE STROKE 
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RECOVERY STROKE 


By watching a pseudopodium as it extends 
from the surface of an amoeba, one can gain 
some concept of how the movement 1s 
effected. Not all the protoplasm flows as the 
pseudopodium extends. In fact, there is a 
semisolid layer of protoplasm-—the plasma- 
gel—which completely encases the fluid 
(flowing) protoplasm, or plasmaso] (Fig. 11- 
9). Many experiments indicate that gelated 
protoplasm possesses a capacity to contract, 
and the plasmagel of the amoeba probably 
contracts, exerting a pressure upon the plas- 
masol and causing it to flow forward. At 
the tip of an advancing pseudopodium the 
plasmagel is virtually absent, so that the lor- 
ward flow is impeded mainly by the elastic 
surface membrane. Moreover, the sol, upon 
reaching the tip of a pseudopodium, is di- 
verted toward the side walls, where gelation 
occurs. Thus the plasimagel ol the side walls 
is built up as a pseudopodium extends. 
Simultaneously, near the posterior extremity 
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nucleus 
food vacuole 


contractile 
vacuole 


region of 
solation 

region of gelation 

hyaline fluid 


Fig. 11-9. 
reactions (see text). 


of the amoeba, the plasmagel is solating 
forming new plasmasol that adds itself to 
the lorward-flowing stream. There are, how- 
ever, a number ol unknown factors as to the 
mechanism of amoeboid movement. Virtu- 
ally nothing is known about the metabolic 
reactions that determine the solling and 
gelling of the protoplasm, nor about how 
these processes are coordinated in the differ- 
ent parts of the cell. 

Cyclosis. Quite a variety of plant and ani- 
mal cells exhibit cyclosis, a rotational stream- 
ing of the protoplasm that does not effect 
any change in the external form of the cell. 
In certain plants, such as Elodea and Nitella 
(Fig. 13-2), the cells display an exceptionally 
rapid cyclosis, and these cells are favorable 
for a study of the movement. 

Cyclosis, like amoeboid movement, seems 
to depend upon alternating processes of sola- 
ion and gelation, but just how these reac- 
tions produce streaming is hard to under- 
stand. In Nutella, the streaming can_ be 
stopped and started by a variety of stimuh, 
and each successful stimulation produces a 
typical wave of excitation, attended by an 
action potential. Cyclosis serves to accel- 
erate the distribution of substances from one 
part of the cell to another, or from one cell 
to neighboring cells—in multicellular organ- 
isms. In many cells, cyclosis goes on more or 
less continuously, even in the absence of any 
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Amaeboid movement involves a 


continuous series of gelation and solotion 


apparent external stimulation. However, such 
a continuous cyclosis probably depends upon 
a series of internal stimuh, which arise from 
rhythmically recurring processes in the me- 
tabolism of the cell. 

Cleavage. Cleavage is the pinching move- 
ment by which an animal cell cuts itself into 
daughter cells, and this movement has been 
studied most extensively in dividing eggs 
(Fig. 11-16). These large cells are very favor- 
able because they cleave on a regular sched- 
ule, following the time when the sperm make 
contact with the eggs. 

When a sperm comes into contact with an 
egg, a definite excitation arises at the con- 
tact point, and this excitation sweeps over 
the entire egg surface, visibly changing the 
protoplasmic structure. The original stimu- 
lus initiates a long series of responses that in- 
clude the lifting of the fertilization mem- 
brane (p. 273), the penetration of the sperm 
head, the approach and fusion of the gamete 
nuclei, the divisions of the zygote nucleus, 
and the successive cleavages of the one cell 
into many (Fig. 11-10). 

The cleavage furrow (Fig. 11-10), which 
cuts through the cell, first appears as a shal- 
low groove encircling the egg. Then gradu- 
ally the furrow deepens, and in a few min- 
utes, 1t passes through the center of the egg 
and completes the division of the cytoplasm. 

Recent evidence (p. 48) provides several 
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Fig. 11-10. Cleavage divisions, as seen in the egg of a sea urchin (Arbacia punctulata). 
1, undivided egg; 2, egg dividing, furrow well started; 3 and 4, two-cell and four-cell 
stages; 5-8, progressively older blastula stages. Note that finally the cells are so small 
and numerous that it is difficult to distinguish them individually. (Courtesy of Ethel 


Browne Harvey.) 


clues as to the nature of the force that 
enables the furrow to cleave the cell. Some 
minutes before the furrowing starts, a sur- 
face layer of protoplasm, where the furrow 
is about to form, suddenly solidifies into a 
very firm gel. This girdle of gelated proto- 
plasm is only about 5 microns thick, but it 
appears to contract forcibly, pinching the 
ege in two. If the cleavage girdle is prevented 
from gelating—by mechanically agitating the 
protoplasm with a microneedle, or by a va- 
riety of other means—the furrow coes not 
form. Or if a liquefication of the protoplasm 
of the cleavage girdle is induced after the 
furrowing has started, the furrow gradually 
recedes. 

Secretion. Diffusional and osmotic ex- 
changes between the cell and its environment 
occur on a spontaneous basis; that is, they do 
not require any expenditure of energy. But 
in some cases the cell expends energy in fore- 
ing substances to pass across its living mem- 
branes, and such responses are called secre- 
tions. 

In multicellular organisms, the effectors of 
secretion are glands. Excitation of a salivary 


gland, lor example, can be detected when- 
ever its motor nerve is stimulated. Action 
currents from the secretory cells are dis- 
charged so Jong as the motor nerve is stimu- 
lated, and saliva continues to flow from the 
gland during the period of excitation. 

Among unicellular organisms, the most 
familiar secretional effectors are the gastric 
and contractile vacuoles. Food in the gastric 
vacuole of an amoeba, for example, excites 
the cell to secrete digestive enzymes across 
the vacuole membrane, from the surround- 
ing cytoplasm. This mobilization requires the 
cell to do work, since enzyme molecules are 
too large to penetrate the membrane spon- 
taneously. In some way the cell manages to 
pass the enzymes into the digestive vacuoles, 
but exactly how this is done is problematical. 
In stained specimens the enzyme material ap- 
pears to accumulate on the outer surface of 
the vacuolar membrane in the form of visible 
granules, and these granules seem to erupt 
through the membrane into the vacuole 
proper. 

How the contractile vacuole functions is 
likewise not well understood. The content 
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of the vacuole is mainly water and is dis- 
tinctly hypotonic to the protoplasm. As a 
vacuole swells, therefore, water is Iorced to 
flow “uphill” Irom a region of lesser to a 
region of greater concentration. Accordingly, 
the cell must expend energy in forcing water 
to flow into the vacuole, and this energy must 
be derived ultimately from metabolism. ‘Thus 
the contractile vacuole stops functioning 
when a cell is deprived of oxygen, or when 
its metabolism ts depressed by narcotics; and 
in such cases the cell swells gradually until 
it reaches the bursting point. 


Responses of Multicellular Organisms. It 
should be emphasized that the complicated 
behavior of higher organisms depends upon 
responses occurring in the individual cells. 
Receptivity, conductivity, and the capacity 
to execute effective responses are general at- 
tributes of all cells. However, consiclerable 
specialization has occurred among the cells 
of higher organisms, so that well-differen- 
tiated tissues and organs serve as the re- 
ceptors, conductors, and effectors in the 
highly integrated responses of all higher 
forms. 


TEST QUESTIONS 


I. Define the term “stimulus.” Differentiate be- 
tween internal and external stimuli, citing 
an example of each. 

Differentiate between 
continuous responses, citing two examples in 


Io 


continuous and = dis- 
each case. 

3. Specify four criteria that distinguish the 
state of excitation—that is, four differences 
between aneexcved and ani wnencted aclt. 

4. Discuss the action potential in relation to: 
fa) plane cells: qin) sansa! cells: (e\r heart 
muscle; (d) the polarity of the plasma mem- 
brane. 

5) Define the terms: (a) vesting potential and 
(b) action potential. 

6. Explain how these potentials are related to 
(a) membrane permeability: (b) ion transport 
mechanisms; and (c) ionic mobilities. 

7. Classify the various kinds of stimuli. 

8. Both the rate and the magnitude of a stimu- 
lating change are important in determining 
the effectiveness of a stimulus. Explain this 
statement in terms of the human retina. 


FURTHER 


l. Unresting Cells, by Ralph W. Gerard: New 
York, 1961. 

“How Cells Communicate.” by Bernard Katz; 
in Screntific American, September 1961. 

32 Plow: Geils Receive Stimuli by. VV Nal: 
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9, Differentiate between receptors, conductors. 
and effectors, using (a) various unicellular 
organisms: and (b) man, to exemplify the 
discussion. 

10. Differentiate between: (a) cilia and flagella; 
(b) the effective and the recovery strokes: 
(c) ciliary fibrillae and myofibrillae; (d) the 
plasmagel and the plasmasol; (e) amoeboid 
movement and cyclosis. 

11. Both amoeboid movement and_ cleavage 
probably depend upon the capacity of proto- 
plasm to undergo gelation. Explain and dis- 
cuss this statement. 

12. Secretion is an energy-expending process. 
Explain and discuss this statement. 

13. Receptivity. conductivity. and the capacity 
to execute definite responses are general at- 
tributes of living cells. Explain and discuss 
this statement. 

14. What new evidence is available in regard to 
the fine structure of cilia and flagella? Ex- 
plain. 


READINGS 


ler, F. Ratliff, and H. K. Hartline; in Sciten- 
tific American, September 1961. 

4. “Chemical Factors Controlling Nerve <Activ- 
ity,” by David Nachmansohn; in Science, vol. 
134) Dec. 15,1961. 
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ALTERNATION OF GENERATIONS 


Higher plants reproduce in two ways: (1) 
sexually, by forming gametes; and (2) asexu- 
ally, by forming spores. The sexual stage of 
the plant alternates regularly with the 
asexual stage; and usually the sexual form 
differs so widely from the asexual form that 
it 1s difficult to recognize the two genera- 
tions as stages in the life cycle of the same 
species. But the sexual generation always 
produces eggs, each of which (when fertil- 
ivect) develops into an asexual plant; and the 
asexual plant always produces spores that 
give rise again to the original sexual plant. 
Accordingly the sexual generation, which 
produces gametes, is called the gametophyte; 
and the asexual generation, which produces 
spores, is called the sporophyte. Moreover, 
the cells of the gametophyte generation are 
always haploid, while the cells of the sporo- 
phyte are always diploid. 


LIFE CYCLE OF A FERN 


An alternation of generations is the com- 
mon evolutionary heritage of all higher 


plants, although the character of the life 
cycle differs in detail in the different plant 
groups. First to be described will be the life 
cycle of a fern. All ferns (about 4000 species) 
display a similar cycle, and in a broad sense, 
the fern life cycle will serve as the prototype 
for higher plants generally. 

The Sporophyte. The large, familiar fern 
plant (Fig. 12-1) represents the sporophyte 
generation—that is, the diploid asexual form 
of the fern. The green parts of the fern, 
which are seen above the ground level, con- 
sist entirely of the leaves, or fronds. Each 
complexly subdivided leaf arises from a hort- 
zontal underground stem (Fig. 12-1), and 
numerous fine roots grow downward from 
the stem into the soil. The sporophyte car- 
ries on an independent holophytic nutrition. 
It may live for a number of years, producing 
one crop of spores annually. 

When the sporophyte of the fern reaches 
maturity a number of small, regularly ar- 
ranged, dark-brown bodies (Fig. 12-2) appear 
on the undersurface of the leaves. Each 
brown “spot” as a whole is called a sorus; 
when magnified, each sorus is seen to be a 
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Fig. 12-1. The familior fern plant is the sporophyte 
generation, consisting of exposed leaves (fronds), an 
underground stem (the rhizome), and the roots. (From 
The Plant World, by Fuller ond Carothers. Holt, Rine- 
hart and Winston, Inc.) 


cluster of spore capsules, or sporangia. At 
higher magnification one can see that each 
sporangium is a hollow structure, containing 
numerous spores (Fig. 12-3). While a spo- 
rangium is ripening, the spores are produced 
from spore mother cells, or sporocytes. The 
spore mother cell undergoes meiosis, giving 
rise to four haploid spores, each covered by 
a thick cell wall. Finally when it is ripe, the 
sporangium bursts open, liberating the spores 
in large numbers (Fig. 12-+). 

Usually the fern discharges its spores dur- 
ing dry weather, and the wind may carry the 
spores for considerable distances. ‘The mois- 
ture-proof covering enables the spore to with- 
stand exposure to dry air, which otherwise 
would be lethal. Eventually a spore must 
fall upon damp ground if it 1s to germinate 
successfully. 

The Gametophyte. When « spore germi- 
nates (Fig. 12-+), it does net give rise to the 
familiar sporophyte Irom which it came, but 
grows into the gametophyte of the fern. The 
fern gametophyte is a small, flat, heart-shaped 
green plant, called a prothallium (Fig. 12-4). 





Fig. 12-2. 
leof are sori. Each sorus consists of a covered cluster of spore capsules, or 
sporangia (not visible at this mognification). A, Dryopteris marginalis. B, Poly- 
podium scouleri. (From The Plont World, by Fuller and Carothers. Holt, Rine- 
hart and Winston, Inc.) 


The regularly placed brown spots on the under surface of the fern 





Fig. 12-3. Magnified vertical section of a fern leaf, 
passing through o sarus. Three of the clustered spo- 
rangia show quite clearly; and the ripening spores 
can be seen through the side walls of each sporon- 
gium. (Fram The Plant World, by Fuller and Carothers. 
Halt, Rinehart and Winston, Inc.) 


The prothallia grow in moist shaded places 
on the ground, or on decaying logs; and 
these plants are not recognized as “ferns,” 
except by those who have traced out their 
origin (Fig. 12-5). 

The prothallium of a fern usually meas- 
ures less than half an inch at the widest part. 
Nevertheless the prothalltum grows _ inde- 
pendently hke other green plants. All the 
cells of the prothallial body possess chloro- 
plasts; but the numerous rhizoids, which 
grow down into the soil from the underside 
of the prothallium, are colorless. During 
growth, the rhizoids absorb water and min- 
eral salts for the whole prothallium; and sev- 
eral weeks after a spore germinates, the pro- 
thallium ts sexually mature. 

When mature, the gametophyte of the fern 
produces gametes. Both male and female or- 
gans develop on the undersurface of each 
prothallium. Usually the egg-forming organs, 
called archegonia, lie near the indented mar- 
gin (apical notch) of the prothallium (Fig. 
12-4), and each archegonium contains a sin- 
gle egg. The egg lies in a hollow chamber, 
the venter, which communicates with the en- 
vironment through a short tubular channel, 
the neck. The sperm-forming organs, called 
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antheridia, are usually situated among the 
rhizoids, nearer the other end and margins 
of the prothallium (Fig. 12-4). Each anther- 
idium is a hollow structure from which a 
number of delicate flagellated sperm are fin- 
ally liberated (Fig. 12-4). 

The sperm are usually liberated in rainy 
weather, and they must swim through water, 
underneath the prothallium, in order to 
reach the archegonia. However, the arche- 
gonia and antheridia of any one prothallium 
do not reach maturity at the same time, and 
consequently the sperm that fertilize the 
eggs are derived from another nearby pro- 
thallium. In many cases, the archegonia pro- 
duce secretions that attract the sperm to- 
ward the eggs; frequently a swarm of sperm 
will enter the neck of a single archegonium. 
However, only one sperm normally succeeds 
in penetrating the egg. 

The fertilized egg marks the beginning of 
a new sporophyte generation. This single 
diploid cell, while it still hes in the arche- 
gonium of the parent gametophyte, divides 
repeatedly by mitosis, and gives rise eventu- 
ally to all the cells of the new sporophyte 
(Fig. 12-6). During the early stages of this 
growth, the young sporophyte depends upon 
the parent gametophyte for its organic nutri- 
ents (Fig. 12-6). But soon the growing sporo- 
phyte develops its own root, stem, and leaf 
systems (Fig. 12-4), and thereafter the sporo- 
phyte carries on an independent holophytic 
nutrition. In about one year, the sporophyte 
reaches maturity and produces a new crop of 
spores—which completes the life cycle of the 
species. 


HAPLOIDY AND DIPLOIDY IN HIGHER 
PLANTS 


Generally speaking the foregoing life cycle 
is typical of all higher plants—as is shown 
diagrammatically in Figure 12-7. In all higher 
plants the diploid zygote marks the begin- 
ning of the sporophyte generation; and since 
the cells of the sporophyte are all derived by 
mitosis from this diploid cell, all the cells of 
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Fig. 12-4. Life cycle of a fern. The gametophyte generation starts with the 
germinatian of a spore (upper right), whereas the sporophyte generation 
starts with the fertilization of an egg (bottom center). 
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the sporophyte generation are diploid. In the 
sporangia, however, the spores arise by 
meiosis from spore mother cells, and each 
haploid spore represents the beginning of the 
gametophyte generation. Each spore pro- 
duces all the cells of the gametophyte by 
mitosis, and consequently all the cells of the 
gametophyte remain haploid. Higher plants, 
therefore, differ from higher animals in that 
the gametes of the plant arise by mitosis 
from the haploid cells of the gametophyte; 
or to state the matter differently, plants have 
developed a haploid generation that inter- 
venes between meiosis and fertilization (Fig. 


12-7). 


TYPES OF LIFE CYCLES IN VARIOUS 
PLANTS 





The main branches, or phyla, of the plant 
kingdom embrace a multitude of species; but 
all members of any one phylum have in- 


Fig. 12-5. Hundreds of fern gametophytes (prathollia) 
growing on the moist wall af o small flower pot. This 
phata shows the approximate actual size af the gameto- Con. 
HAV lest (Copyright Gensrol BicloaicoleSupolmetousa: herited a similar pattern of structure and 
ine) function. Consequently it is possible to de- 


scribe the life cycles of the different groups 
in fairly general terms. 
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Fig. 12-6. Nate how the embryo sporaphyte ariginates fram a fertilized egg (zygote) 
in the archeganium of the parent gametaphyte (prothallium). The young sporophyte uses 
its faot for the absorption of organic nutrients from the parent—until its own raat, stem, 
and leaf systems have developed adequately. 
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Fig. 12-7. Generalized life cycle af a typical higher plant. 


The Cyanophytes (Blue-Green Algae). The 
blue-green algae (see p. 59+) are very primt- 
tive plants that display no clearly defined 
form of sexual reproduction. Generally they 
reproduce by binary fission (p. 55), although 
quite a few species also form spores. None is 
truly multicellular; that is, all are either uni- 
cellular or colonial. Essentially these primi- 
tive forms are aquatic plants, although many 
species live in moist places, such as damp 
soil. No sharp distinction between nucleus 
and cytoplasm has been developed in the 
cells of a majority of these primitive organ- 
isms. 

In the absence of sexual phenomenon, it 
is not possible to speak unequivocally about 
haploid and diploid stages, although by con- 
vention the blue-green algae are regarded as 
being haploid throughout their entire simple 
life cycle. 

The Schizomycophytes, or Bacteria (Chap- 
ter 31). These colorless unicellular or co- 
lonial plants began to evolve even before the 
blue-green algae. Nevertheless some bacterial 
cells appear to possess one or more nuclei 
or at least masses of nuclear material that 
seem to be delimited within a membrane. 
Moreover, some bacteria display a primitive 
sort of sexual reproduction by which genic 
material may be passed from one individual 
to another, so that genic recombinations (p. 
563) may occur. The sexual processes are 
somewhat ambiguous, however, and it is not 
possible to distinguish clearly between hap- 
loid and diploid phases of the hfe cycle. 


Higher Thallophytes (Chapter 31). Many 
of the higher Thallophyta possess chloro- 
phyll (green, red, brown, and other algae); 
but others (yeast, molds, rusts, smuts, mush- 
rooms, and other fungi) lack this green pig- 
ment. Some are truly multicellular although 
many species remain unicellular or colonial. 
The cells of the higher ‘Vhallophyta display 
distinct nuclei; and practically all have de- 
veloped some form of sexual reproduction 
that supplements the asexual methods. But 
a regular alternation of sexual (gameto- 
phyte) and asexual (sporophyte) generations 
is not generally characteristic of these plants. 
They have remained essentially aquatic, al- 
though many parasitic and saprophytic spe- 
cies have been evolved. The body structure 
is simple, without true roots, stems, or leaves 
(thallus type of body). 

The Bryophytes (Chapter 31). The Bryo- 
phyta, which include the mosses and the 
liverworts, are among the simplest of the ex- 
isting land plants. All the Bryophyta display 
a regular alternation of sexual and asexual 
generations. Among Bryophyta, however, the 
gametophyte is the dominant form of the 
plant, and the sporophyte is nutritively de- 
pendent upon the gametophyte (see later). 
Adaptation to the land is not very complete. 
The mosses have developed a very simple 
leat and stem system, but possess rhizoids in 
place of true roots. The liverworts, most 
primitive of the Bryophyta, usually have a 
thalloid body, devoid of any root, stem, or 
leaf system (see Chap. 31). 


The Filiceneae (Chapter 13). The Fili- 
ceneae, or ferns, are all fairly well adapted to 
land conditions. All have true root-stem-leaf 
systems, equipped with well-developed vas- 
cular (distributing) tissues (see later). More- 
over, the filicenes have a regular alternation 
of generations, but the sporophyte is dom1- 
nant relative to the gametophyte. Both the 
gametophyte and sporophyte grow indepen- 
dently in the holophytic manner. 

The Gymnospermae and Angiospermae 
(Seed-bearing Plants, Chapter 31). The seed- 
bearing plants include a countless variety of 
conifers, cycads, anc’ flowering plants. All 
these plants have a highly vascularized root- 
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stem-leaf system, which gives an excellent 
adaptation to terrestrial conditions. The re- 
productive cycle is also very well adapted to 
the land habitat. In the regular alternation 
of generations, the sporophyte has become 
entirely dominant, and the gametophyte, 
which 1s reduced to microscopic dimensions, 
has become entirely dependent upon the par- 
ent sporophyte (see later). 


THE LIFE CYCLE OF VARIOUS HIGHER 
THALLOPHYTES 


Sexual reproduction appears first among 
the Thallophyta, but these primitive plants 


PARENT COLONY 


EGG 
SPERM 


ZYGOTE, ESCAPING 


ENCAPSULATED 
SPORES 


SINGLE SPORE 
NEW COLONY 





Reproductive stages in Oedogonium, one of the green algae. From 


left to right: portion of the filament showing the large nonmotile egg and the 
small motile sperm; sperm enlering egg, just prior to fertilization; the zygote, 
escaping through old cell wall; formatian by meiosis of four swarm spores; 
development of one swarm spore into new filament. 
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do not adhere to any standard type of life 
cycle. ‘The commonest type of cycle is ex- 
hibited by Spirogyra (p. 168), and Oedo- 
gonium (Fig. 12-8). In both these algae, the 
colony is composed of haploid cells; and any 
cell of the filament can give rise to one or 
more gametes. Accordingly, these plants are 
equivalent to the gametophyte generation in 
the Ingher plants. However, scarcely any 
sporophyte generation can be recognized, be- 
cause the zygote divides meiotically as soon 
as it begins to germinate, and all the cells of 
the new filament are haploid (Fig. 12-8). 
The opposite type of cycle is found in 
Fucus (Fig. 12-9) and some other brown algae. 
The body cells of this multicellular seaweed 
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are all diploid, and only the gametes are 
haploid. The sperm and eggs respectively are 
formed by meiosis in hollow structures found 
at the ends of many of the branches of the 
sexually mature plants. After fertilization, 
which occurs when the gametes are extruded 
into the sea water, the diploid zygote multi- 
phes mitotically, forming all the cells of the 
new individual. 

An irregular alternation of generations, 
foreshadowing the reproductive habits of 
higher plants, occurs in a few Thallophyta— 
as in the bread mold, Rhizopus (p. 211). The 
spores of the mold are haploid, and in a 
suitable medium, such as moist bread, each 
haploid spore grows into a mycelium, called 


Rockweed (Fucus) growing on intertidal rocks along the Colifornia 


coost. (From The Plant Warld, by Fuller ond Corothers. Holt, Rinehart and 


Winston, Inc.) 


the haplomycelium (Fig. 12-10). In the spo- 
rangia of the haplomycelium, the spores are 
formed, not by meiosis as in most other 
plants, but by mitosis—and this asexual type 
of reproduction may continue for many gen- 
erations. However, on rare occasions, Rhizo- 
pus also reproduces sexually. In this case, 
gametes are formed on two neighboring 
mycelia, and these fuse to form a diploid 
zygospore (Fig. 12-10). This zygote is very 
resistant to unfavorable conditions. But 
when a favorable environment is found, the 
zygospore gives rise by mitosis to a new 
mycelium, called the diplomycelium, be- 
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cause all the nuclei are diploid. The diplo- 
mycelium soon develops its sporangium, 
which contains diploid spore mother cells, or 
sporocytes. In the sporangium of the diplo- 
mycelium (Fig. 12-10), the spores are formed 
by meiosis, and after liberation, each haploid 
spore gives rise to a new haplomycelium. 
The haplomycelium, since it is haploid 
and forms gametes, is equivalent to a game- 
tophyte generation; and the diplomycelium, 
since it is diploid and reproduces by sporula- 
tion, represents the sporophyte. However, the 
cycle in Rhizopus is irregular, since fertiliza- 
tion occurs only rarely, and since the game- 


ASEXUAL STAGES 


DIPLOMYGELIUM 


a GERMINATING 
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Reproductive stages in the common bread mold (Rhizopus nigricans). The 


ordinary breod mold (left of figure) possesses haploid cells, and this haplomycelium 
perpetuates itself asexually by forming successive generations of hoploid spores by 
mitosis from haploid spore mother cells in the sporangia. On rare occasions, however, 
two different (called plus and minus) strains of the mold porticipote in sexual reproduc- 
tion. Then neighboring aeriol hyphae develop gometes. These fuse to form a zygote, 
which soon metamorphoses into a heavily coated zygospore. The diploid stage of the 
bread mold is short-lived, however. The zygospore, when it germinotes, gives rise to the 
highly simplified diplomycelium, consisting of a single sporongiophore, with just one 
sporangium at the apex. In this sporangium, the diploid spore mother cells undergo 
meiosis, giving rise to haploid spores, which initiate the hoplomycelia of the next 


generation. 
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tophyte generation retains a capacity to re- 
produce by sporulation. 


LIFE CYCLE OF THE MOSSES 


Mosses, the most familar of the Bryo- 
phyta, are small green leafy plants, which 
grow in densely crowded masses, on damp 
und shaded soils (Fig. 12-11). Mosses are not 
well adapted tu terrestrial conditions, and 
most species cannot survive in dry localities. 
Most mosses are relatively short plants, with 
an average height of only about half an inch. 

The small green leaty-stemmed moss plant 
is a gametophyte—that is, a haploid gamete- 
producing individual. The crowded leaves 
all originate from a single central stein, 
which cannot be-seen witless the leaves are 
plucked away. Numerous rhizoids extend 
down into the soi] from the lower end of the 
stem. The rhivoids absorb water and inor- 
ganic salts for the upper green parts of the 
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Fig. 12-11. 





plant, which, in return, provide the rhizoids 
with glucose. Accordingly, the gametophyte 
of the moss is a small but independent plant, 
which displays a typically holophytic nu- 
trition. 

The antheridia, or archegonia, depending 
upon the sex of the gametophyte, develop 
at the top of the stem, hidden by the en- 
circling upper leaves—Figure 12-12. In the 
mature female plants, a single large egg cell 
is found in the venter of each archegonium 
(Fig. 12-12). The sperm are liberated in 
swarms (Fig. 12-12) from the antheridia 
(Fig. 12-12) of the male plants during peri- 
ods of rain or heavy dew. Each sperm (Fig. 
12-12) is a delicate elongate cell possessing 
two flagella, which enable the sperm to swim 
through water to a neighboring female plant. 
some sort of chemical attraction appears to 
emanate from the neck of the archegonium, 
and thousands of sperm may simultaneously 
attempt to swim down this narrow passage. 


A clump of moss plonts (Polytrichum). The leofy (lower) part of each plant 


is a gametophyte, from the top of which graws the slender-stalked sporophyte. The 
conspicuous white spindle-shaped badies are the sporangia af the sporaphytes. (Photo- 


groph by L. W. Brownell, retauched.) 
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Fig. 12-12. 
tween the haploid and diploid stages. 


However, only one sperm usually participates 
in fertilization, which occurs 1n the venter 
chamber. 

The fertilized egg marks the inception of 
the sporophyte generation. Shortly after fer- 
tilization this diploid cell starts its develop- 
ment inside the archegonium of the female 
plant. A series of mitotic divisions leads to 
the formation of an elongate mass of cells 
(Fig. 12-12), which is the very young em- 
bryo sporophyte. The lower end of the 
embryo sporophyte, which 1s called the foot, 
grows downward into the stem of the parent 
gametophyte, where it becomes firmly at- 


GERMINATION OF — 
A SPORE 


Repraductive cycle of a moss plant, typical of bryophytes generally. Be sure to differentiote be- 


tached. The upper end of the embryo grows 
more or less vertically into a long slender 
stalk, at the top of which a hollow sporan- 
gium finally appears (Fig. 12-12). The early 
stages of this growth occur entirely within 
the archegonium, which enlarges accord- 
ingly (Fig. 12-12). But finally the stalk 
grows so rapidly that it tears the neck, which 
is carried aloft on the sporangium above the 
upper leaves of the female gametophyte. 
The whole sporophyte—consisting of foot, 
stalk, and sporangium—remains permanently 
attached to the apex of the female game- 
tophyte (Fig. 12-12). The exposed cells of 
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the stalk and spore capsule may contain some 
chloroplasts and perform some photosynthe- 
sis; but the sporophyte obtains most of its 
nourishment from the gametophyte by ab- 
sorption through the foot. 

At maturity many spore mother cells, or 
sporocytes, are formed im the sporangium. 
Each of these diploid cells eventually pro- 
duces four spores, by meiosis; and later, when 
the lid of (Bige d2-12) 
drops off, a multitude of tiny haploid spores 
are discharged into the dry atmosphere. 

As am-other higher plants, the spore: rep: 
resents the beginning of the gametophyte 
generation. In the mosses, however, more 
than one gametophyte may arise from one 
spore, if it happens to fall in a favorable 
locality. When the spore germinates, 1t bursts 
its protective cover and begins to divide rap- 
idis’ by miitosiseqbigs Ie). natially- this 
produces a branching filament that closely 
resembles some of the green algae, from 
which the mosses presumably have arisen. In 
the moss this young gametophyte is called a 
protonema; and cach protonema may give 
rise to several erect leafy gametophytes by a 
process of budding (Fig. 12-12). Finally 
the protonema dies off, isolating the several 
erect leafy gametophytes, which soon mature 
and produce the gametes of the next gener- 
ation. 


the sporangium 


SUMMARY: THE LIFE CYCLES OF THE 
MOSS AND FERN 


In summary, the life cycle of the mosses 
displays a clear general resemblance to the 
cycle of the ferns. In both cases: (1) the hap- 
loid sexual gametophyte alternates regularly 
with the diploid asexual sporophyte; (2) the 
haploid spores are resistant to dryness, and 
are well adapted for dissemination through 
the atmosphere; and (3) the sperm require 
an abundance of water in order to reach the 
eggs. However, the gametophyte, which is 
dominant in the Bryophyta, is relatively in- 
conspicuous in the Filiceneae, although the 
fern gametophyte still carries on an inde- 


pendent nutrition. The sporophyte, on the 
other hand, which is relatively inconspicu- 
ous and dependent in Bryophyta, is the dom- 
inant independent generation in Filiceneae. 
These evolutionary tendencies continue, 
reaching a maximum in the seed plants. 
Among seed plants, the gametophyte gener- 
ation is further reduced, to microscopic di- 
mensions, and the gametophyte is completely 
dependent on the large dominant sporo- 
phyte. This development has enabled the 
seed plants to spread to much drier regions 
ob thereartly, since*the sperm, are iree.ot the 
necessity of swimming through water on 
their journey toward the eggs (see later). 


LIFE CYCLE OF SELAGINELLA 


One of the club mosses (p. 613), Selaginella 
and a few related forms show transitional 
developments which foreshadow a further 
reduction of the gametophyte, such as oc 
curs in all seed plants. The sporophyte of 
Selaginella (Fig. 12-13) has a_ profusely 
branched creeping stem, with short erect 
branches and small scalelike green leaves. 
The sporangia are borne in conelike struc- 
(ures at the tips of the erect branches: (Tig: 
12-13). But Selaginella has two kinds of spo- 
rangia: (1) microsporangia, in which the 
spores (microspores) are relatively small; 
and (2) macrosporangia, in which the spores 
are about a hundred times larger (Fig. 
F232 

When shed, each microspore develops into 
a very small (microscopic) male gametophyte, 
which lacks chlorophyll, and consists mainly 
of a single antheridium (Fig. 12-13). This 
growth occurs inside the protective cover of 
the microspore, at the expense of organic 
substances already present in the spore at 
the time of shedding. Meanwhile, the macro- 
spore develops into a female gametophyte, 
which also lies mainly inside the old spore 
casing (Fig. 12-13). When mature, the female 
gametopliyte displays several poorly differ- 
entiated archegonia, each containing a single 
egg cell. The female gametophyte has very 
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Fig. 12-13. Reproduction in Selaginella, one of the club mosses. Some of the club mosses are called creeping 
pines, and are often used for Christmos decoration (cf. Fig. 31-20). 
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little chlorophyll, and is dependent for its 
growth upon substances mitially present in 
the mucrospore. 

The many sperm, which are hberated from 
the male gametophyte, swim in the soil 
water, and each may succeed in fertilizing an 
egg. The zygote gives rise to the young sporo- 
phyte, which at first grows inside the female 
gametophyte, at the expense of organic mate- 
tials present in the gametophyte cells (Fig. 
h23);, Finally, however the sporophy te de: 
velops its own root-stem-leaf system and be- 
comes an independent, self-sustaining plant 
(Big e215). 

In Selaginella and other club mosses, the 
gametophyte has lost the status of an inde- 
pendent plant. It is reduced to a mere repro- 
ductive mechanism, which, however, assures 
the species of fertilization and biparental in- 
heritance. The sturdy land-adapted sporo- 
phyte provides the gametophyte with a food 
supply adequate for the production of gam- 
etes, and thus the hazards experienced by a 
poorly adapted gumetophyte are reduced. 
This eliminates one vulnerable feature of 
the cycle, which tended to prevent the spread 
of more primitive plants to drier regions of 
the earth. But only among the seed plants 
has another vulnerability of the cycle been 
eliminated, since Selaginella still requires a 
water-flooded soil at the time when the deli- 
cate sperm are swimming to the eggs. 


LIFE CYCLE OF THE SEED PLANTS 


The seed-bearing plants are by far the 
most successful groups in the plant kingdom. 
All common trees, shrubs, grasses, weeds, 
and “garden plants” are of this kind. In 
number of species, seed plants far exceed all 
other plants combined, even though their 
evolutionary history—as indicated by the 
absence of their fossils in all earlier geologi- 
cal formations—has been a comparatively 
short one. The seed plants are exceedingly 
well adapted to land conditions, and some 
species have spread to virtually all habitats. 

A seed, essentially, is a dormant embryo 





sporophyte, protected by several enveloping 
tissues. But the true nature of seeds, and the 
importance of seeds in the evolutionary suc- 
cess of the higher plants can be appreciated 
only in relation to the life cycle (see later). 

Gymnosperms vs. Angiosperms. [he Gym- 
nospermae (literally, naked seeds) include 
the pines, spruces, hemlocks, ginkgoes, cy- 
cads, and all other plants having seeds that 
are formed in cones (rather than true flowers) 
and that are not contained within an ovule 
chamber (see below). 

The Angiospermae (literally, covered seeds) 
include a wide variety of trees, shrubs, grasses, 
and all other plants possessing true flowers, 
und seeds that develop inside of the cap- 
sular ovule chamber of the flower. 

The Gymnospermae, while less numerous 
in species than the Angiospermae, show more 
variability in the reproductive cycle (Chap. 
31). The Gymnospermae exhibit many transi- 
tions between the rather primitive cycle of 
Selaginella (p. 214) and the well-established 
cycle of the Angiospermue. But it is neces- 
sary to pass over these transitional types and 
to cleal mainly with the flowering plants 
(Angiospermae), which make up a great ma- 
jority of familiar plants, especially in tem- 
perate zones. 

The Sporophyte Generation. Among the 
Angiospermae the whole visible plant—con- 
sisting of roots, stem, leaves, and flowers— 
represents the sporophyte generation. The 
sporophyte varies in size in different species, 
from the tremendous bulk of larger trees to 
the inconspicuous size of many grasses. But 
both the male and the female gametophytes 
of the angiosperms are reduced to micro- 
scopic dimensions. In fact these haploid 
sexual stages are only found by dissecting 
into the tissues of the flower. In the flower 
the gametophytes receive protection and 
nourishment during the critical period when 
the eggs and sperm are formed, and while 
fertilization is occurring. 

The Flower. A flower represents an organ- 
ized group of modified leaves, which fulfills 
the reproductive functions of the plant. A 
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complete flower displays four distinct kinds — especially in insect-pollimnated species. “The 
Of modified leaves, arranged in concentric — petals and sepals are subject to endless varia- 
whorls, attached to a receptacle, which con- tion in lorm, color, and number, and either 
nects the Hower with its stalk (Fig. 12-I-f). or both may be entirely absent, since they 
The outermost whorl, called the calyx, con- play a very indirect role in reproduction. 

sists Of separate parts, the sepals (Fig. 12-14), Just inside the petals are the microsporo- 
which are usually leaflike in lorm and color. phylls, which commonly are called the sta- 
Just imside the calyx les the corolla, the mens (Fig. 12-I1). Each stamen consists ol a 
separate parts ol which are called the petals slender filament that bears an anther at the 
(Fig. 12-14). The petals also display a leaflike upper end. Essentially the anther is a group 
form, but olten they are brightly colored, (usually of 2 or +) of pollen capsules (micro- 
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Fig. 12-14. Repraductive stages af flowering plants, showing relations between the flower, the fruit, and the 
seed (see text). 
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j Stamens 





Fig. 12-15. Transition from petals to stamens in the 


white water lily. (Redrawn after Asa Gray. From Gen- 
eral Biology, by Mavor. By permission of The Macmillan 
Co.) 








Fig. 12-16. The tulip is one of the Monocotyledoneae. 
The flower displays 3 sepals, 3 petals, 6 stamens, and 
a compound pistil with a 3-branched stigma. (From 
College Batany, by Fuller and Tippo. Holt, Rinehart 
and Winston, Inc.) 


sporangia) in which the pollen grains! (mi- 
crospores) are produced in great numbers. 


1'The terms “pollen grain” and “microspore” are 
almost, but not quite, synonymous, since the micro- 
spore nucleus usually divides once before the pollen 
is shed. 


In form, the anthers are so highly modified 
as to be quite unrecognizable as leaves (Fig. 
12-15). This is also true of the macrosporo- 
phylls (commonly called the carpels) which 
make up the innermost whorl, at the very 
center of the flower. In most flowers the car- 
pels are united, partially or completely, to 
form a single compound organ called the 
pisuil (Fig. 12-14). Typically the pistil con- 
sists Of an enlarged hollow basal part, the 
ovule chamber, surmounted by a slender cyl- 
inder, the style, which terminates in a moist 





Fig. 12-17. Flowers of Amoryllis, one of the Mono- 
cotyledoneae. A, close-up of the stamens and stigmas; 
B, the whole flower. This flower has 3 sepals, 3 petals, 
5 stamens, and 3 forked stigmas. (From Callege Botany, 
by Fuller and Tippo. Holt, Rinehart and Winston, Inc.) 


sticky part, the stigma. Inside the ovule 
chamber are one or more ovules (macro- 
sporangia), in which the macrospores are 
formed. 

The flowers of different species exhibit 
many variations (Figs. 12-16 to 18). Usually 
both stamens and pistils are present, but 
some plants possess two kinds of incomplete 
flowers, one containing only stamens (stami- 
nate flowers), and the other containing only 
pistils (pistillate flowers). These kinds of 
flowers may be borne on the same, or upon 
separate individual plants. Plants bearing 
only staminate flowers may be referred to as 
male, and those with only pistillate flowers 
as female plants; but in either case, the Sporo- 
phyte plant does not give rise directly to the 
sperm or eggs. 

Essential Nature of the Floral Parts. Ihe 
essential nature of the floral structures is 
dificult to comprehend, except in compari- 
son with equivalent structures in the non- 
flowering plants. The ovules* that develop 
in the ovule chamber are equivalent to the 


* Strictly speaking, only the inner part (nucellus) of 
the ovule is equivalent to the macrosporangium. 
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Fig. 12-18. 
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sporangia of other plants, or more specifi- 
cally, to the macrosporangium of Selaginella. 
In seed plants, however, only one macrospore 
is formed in each ovule (macrosporangium). 
This single large haploid cell is formed by 
meiosis from a macrospore mother cell 
(macrosporocyte), and lies near the center of 
the ovule (Fig. 12-14). During the two divi- 
sions of meiosis most of the cytoplasm is re- 
tained by one of the four daughter cells, and 
this cell becomes the functional macrospore. 
‘The macrospore lies in direct contact with 
three smaller sister “spores’’ (Fig. 12-19), but 
the three smaller cells are sterile. Eventually 
they disintegrate and do not play any further 
part in reproduction. 

The Gametophytes of the Angiosperm. 
Like the spores of other plants, the macro- 
spore is a haploid cell that is destined to 
develop into a gametophyte—in this case the 
female gametophyte of the species. But the 
female gametophyte of the seed plant never 
attains anything but a microscopic size. At 
maturity it consists of only eight cells, includ- 
ing the egg cell and the two endosperm 
nuclei (Fig. 12-19). The diminutive female 


The flower of the peony is considered to be primitive, since it hos 


numerous stomens and severol separote, simple pistils (in the center of each 
flower). (From College Bofony, by Fuller and Tippo. Holt, Rinehart and Winston, 


Inc.) 
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Reproductive stages in an angiasperm. 


gametophyte lies near the center of the ovule, 
protected and nourished by the surrounding 
nucellar tissues, and is not exposed to the 
hazards of an external environment (Fig. | 2- 
14). Finally the single egg cell matures and 
must await fertilization before further devel- 
opment can occur. 

Meanwhile the pollen grains (microspores), 
after liberation [rom the anthers, may light 
on the stigma (Fig. 12-14) of the same flower 
(self-pollination), or more frequently, they 
are carried by wind or insects to the stigma 
of another plant (cross-pollination). The pol- 
len grains (microspores) are haploid cells, 
which are formed in the anthers as a result 
of meiosis, from diploid microspore mother 
cells (microsporocytes). Each pollen grain is 
clestined to grow into a gametophyte—1in this 
case, a male gametophyte. Such a develop- 
ment normally occurs only when the micro- 
spore falls into the sugary secretion of a 
stigma of the same species, although pollen 
grains can often be induced to germinate in 
artificial solutions. The male gametophyte, 
which is commonly called the pollen tube, 
now grows downward through the tissues of 
the stigma and style, deriving nourishment 
and protection from these tissues (Fig. 12- 
1+). At maturity, when it penetrates an ovule 
and approaches the egg cell, the male game- 
tophyte consists of only three cells—or rather 
consists of a trinucleate syncytium (Fig. 12- 
Is One ol the three nucle. as the tube 
nucleus, which regulates the growth of the 
pollen tube; and the other two are sperm 
nuclei. One of these sperm nuclei unites 
with the egg, forming the zygote, while the 
other unites with both endosperm nuclei, 
forming a triploid endosperm cell (Fig. 
| 2-19). 

Significance of the Gametophytes. The in- 
trinsic nature of the pollen tube could not 
be appreciated, were it not for the occur- 
rence of equivalent stages in lower plants. 
The pollen tube must be regarded as a male 
gametophyte because (1) it arises from a 
spore, (2) consists of haploid cells, and (3) 
gives rise to sperm. On similar grounds, the 
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small female gametophyte of the seed plant 
is also identified as such. In seed plants, the 
vigorous Jand-adapted sporophyte harbors 
and nurtures the gametophytes inside the 
ovule and pistil), where they are protected 
from the hazards ol independent life; and 
the gametophytes are reduced to the simplest 
condition, although they are still capable of 
fulfilling their essential Iunctions. In tls 
way the seed plants have adapted their life 
cycle to conditions as they exist in the land 
environment. The male and Iemale gameto- 
phytes develop in close proximity to each 
other, protected by the flower tissues of the 
parent sporophyte. Under these conditions 
fertilization can occur even in very dry re- 
gions, where the water available in_ the 
external environment is so scant that free- 
swimming sperm would not be able to reach 
the eggs. Accordingly, seed plants have been 
able to spread to drier parts of the earth, 
where more primitive plants, handicapped 
by the aquatic type of fertilization, cannot 
survive. In the life cycle of the seed plants, 
the burden of carrying the paternal chromo- 
somes to the egg is shifted from the sperm, 
which are ill adapted to land conditions, to 
the spores, which even in primitive plants 
are very resistant to the dry conditions of the 
atmosphere. The thick-walled pollen grains 
are produced in very large numbers, and this 
makes it likely that some will be carried, 
usually by air—but sometimes by insects or 
water—lrom an anther to the stigma of the 
same species. 

The Embryo Sporophyte, the Seed, and 
the Fruit. Fertilization occurs when a sperm 
nucleus leaves the pollen tube (male gameto- 
phyte) and fuses with an egg nucleus (Fig. 
12-19). The penetration of the sperm into the 
egg is facilitated by the fact that the inter- 
vening cell walls are “digested away” when 
the end of the pollen tube comes in contact 
with the egg cell. As in other plants, the 
zygote soon develops into a new sporophyte. 
The zygote multiplies by mitosis, and, grow- 
ing at the expense of the surrounding endo- 
sperm tissue, it produces a mass of diploid 
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cells that represents the embryo sporophyte 
(Figek2:19): 

While the embryo ts growing, many 
changes also occur in the several tissues sur- 
rounding the embryo: (1) the endosperm cell 
pives rise to u mass of endosperm: tissue. 
which lies in direct contact with the embryo 
and provides it with organic food; (2) the 
ovule, taken as a whole, becomes the seed; 
and (3) the ovule chamber, also taken as a 
whole, enlarges and becomes the fruit (Fig. 
12-14). Accordingly the embryo sporophyte 
(Biss 12-19) aiesencar the center Ol (the ripe 
seed, surrounded by an endosperm, untless 
this tissue is used up before the seed is ripe. 
Int the seed, however, the only body ol cells 
that anises. fronvethe fertilized vege asthe 
embryo itself; and only these diploid cells 
are represented in the body of the mature 
sporophyte, which develops after the seed has 
sprouted. 

The Seed. Seeds are uniquely distinctive 
of the Gymnospermae and Angiospermae. 4 
sced 7s a@ dormant embryo sporophyte, e7- 
closed in a cover that is derived chiefly from 
the outer wall of the ovule. In fact, the ovule 
asad Wwihtole Solves hice to, tlretsced- as 10 wiole: 
Some seeds contuun gametophyte tissue (the 
endosperm), directly surrounding the embryo 
and separating the embryo trom the seed 
coverq ig. 2-19); Burimemanyesceds: all thie 
substance of the endosperm is absorbed by 
the growing embryo during the period of 
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ripening, leaving no trace of endosperm in 
the mature seed (Fig. 12-19). 

Seeds have played an important role in 
permitting the seed plants to scatter them- 
selves over wide areas olf the earth. The 
dormant embryo within some seeds may sur- 
vive for more than a himncred, years, and 1s 
able to endure adverse conditions of dryness, 
temperature, etc. Many seeds are equipped 
with devices (wings, spines, etc.) that play 
a part in successfully dispersing the species. 
Moreover, because the embryo has reached a 
fairly advanced stage of development in the 
nipe seed, and because rapid growth 1s as- 
sured by organic lood stored in the seed, the 
new sporophyte very quickly establishes it- 
sell as a sturdy independent plant soon after 
the seed falls upon new ground, where con- 
ditions are right for sprouting (Fig. 12-20). 

Structure of the Embryo: the Cotyledons. When 
the protective coat of a bean seed 1s removed, 
the embryo as a whole is exposed. The main 
bulk of the embryo consists of the two 
cotyledons—that is, the two swollen fleshy 
“halves ol thesbeins But between, tle. coty le 
dons, and not fully vistble until one cotyle- 
don is removed, hes the body of the embryo 
(hiss 12-21). 

The cotyledons are the storage leaves of 
the embryo. The swollen fleshiness of these 
embryonic leavés is due to large aniounts of 
starch and other organic compounds con- 
tributed to the cotyledons by the endosperm 
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Fig. 12-20. Germination of a 
seed (bean). s, seed coots; r, 
rodicle; h, hypocotyl; c, cotyle- 
don; e, epicotyl. 
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Fig, 12-21. An opened bean seed with one of the two 
cotyledons removed. This reveols the body of the em- 
bryo, which consists of the hypocotyl and the epicotyl. 


and other surrounding tissues, while the seed 
is ripening. Such a reserve of organic matter 
is vitally important to the embryo when the 
seed begins to sprout. Until the young sporo- 
phyte develops a good root system and raises 
its stem and leaves above ground where light 
is available, it cannot synthesize its own or- 
ganic materials and grow in a self-sufficient 
manner. During the first rapid growth of the 
young sporophyte, the cotyledons gradually 
give up their content of organic material, 
passing it to the growing body of the plant. 
Consequently the cotyledons keep shrinking 
as the seedling grows. In most seedlings the 
withered cotyledons finally drop off, but then 
the young sporophyte is no longer called a 
seedling—it is an independent plant. 

The pomt of attachment between the 
cotyledons and the body of the embryo (Fig. 
12-21) subdivides the body into two parts: 
(1) the hypocotyl (literally, below the cotyle- 
dons), a tapering, slightly curved, rodlike 
part; and (2) the epicotyl (literally, above the 
cotyledons), a small upper part, which must 
be dissected with needles before its full struc- 
ture can be seen. Such a dissection reveals 
that the epicotyl of the bean consists of a 
pair of delicately folded embryonic foliage 
leaves, the plumules, and (hidden between 
the plumules) a small central conical mass, 
the embryonic bud. 
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Fig. 12-22. Longitudinol section of a pine seed. 


Seed structure varies widely among differ- 
ent species, but three main types are gen- 
erally recognized. In gymnosperm seeds, the 
embryo possesses 6 to 10 cotyledons, which 
are needlehke in form and not very conspic- 
uously swollen (Fig. 12-22). And among an- 
giosperm) (p. 616) seeds the embryo possesses 
either two cotyledons, as in the Dicotyle- 
dloneae; or only one cotyledon, as in the 
Monocotyledoneae (see Fig. | 2-23). 
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Fig. 12-23. Longitudinal section of a corn grain, a 
one-seeded fruit. 
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The developmental late of the embryonic 
parts Inkewise varies in dilferent seeds. In the 
pea and corn, for example, the cotyledons 
remiun below the ground as the seedling de- 
velops, and thus the hypocoty! gives rise only 
to the root system, and the epicoty) produces 
all the stem and leal systems (Figs. 12-24 and 
25). Bitten the beim and: pine tiie cotvile- 
dons are lifted above ground, and thus the 
hy pocoty) gives rise to part ol the stem, its 
welllas COvdwe Tome svete (Pies Ion thie 
pines and many other plants, the cotyledons 
develop chlorophyll; and in some cases the 
cotyledons persist us foliage leaves, alter their 
reserves of organic mutter have been ex- 
hausted. 

Variations of Floral Structure. Pollination has 
been a main factor in determining the evo- 
lution of the floral structure. Some species 
practice sell-pollinauion, in which case the 
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Fig. 12-24. 


floral envelopes (calyx and corolla) tend to 
remain closed when the pollen is liberated. 
But a great majority of species depend upon 
cross-pollination, and the main vectors ol 
pollen from plant to plant are the wind and 
animus, chiefly insects. 

In general, bright und conspicuous petals 
(or sepals), distinct fragrances, and nectar 
glands represent adaptations that have arisen 
lrom a long evolutionary association between 
the angiosperms and insects. As is well 
known, many insects fly [rom flower to flower, 
seeking food (nectar and pollen), and inci- 
dentally carrying the pollen. In some cases, 
one finds a very specific relation between 
the form of the flower and that of the insect 
vector (hig: 2220). 

Some plants possess modified leaves near 
the Hower proper, and sometimes these bracts 
are bright and showy, usurping the insect- 
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Germination of corn grain. Compore with Fig. 12-23. 


Fig. 12-25. Germinating grains. A, corn grain in early 
stage of germination. The primary root has penetrated 
the sheath and is emerging from the groin. B, a later 
stage in the germinatian of a corn grain. The primary 
root hos numerous root hairs, and the plump epicotyl 
has emerged. C, a germinoting wheat grain, showing 
the primary root with hoirs, the short blunt epicotyl, 
ond several young side roots. (From College Botany, 
by Fuller and Tippo. Holt, Rinehort and Winston, Inc.) 
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attracing function ol the smaller true petals 
(for example, in poinsettia and dogwood, Fig. 
Le e27). 

In wind-pollinated flowers (lor example, 
the cottonwood, Fig. 12-28), petals and sepals 
are either lacking or inconspicuous, ancl usu- 
ally the pistils and stamens occur in separate 
flowers. Such incomplete flowers are held 
aloft on the outermost branches of the plant, 
where there is a maximum exposure to the 
wind; and usually wind-pollinated flowers ap- 
pear early in the spring, before the leaves 
come out to interfere with the transfer of the 
pollen, which is produced in very large 
amounts. Most of our common deciduous 
trees (maples, elms, willows, oaks, etc.) pos- 
sess wind-pollinated flowers. 

Frequently a multiple cluster of flowers is 
borne on one stalk (peduncle), which may or 
may not be branched (Figs. 12-27 and 12-28). 
Such floral clusters technically are called 
inflorescences, of which there is a wicle va- 
riety of types. One very common type of 
inflorescence is possessed by the dandelions, 
daisies, sunflowers, dahlias, and the other 
members of a large family, the Compositae. 
The large “‘sunflower,” for example, is an 
inflorescence composed of a multitude of very 
small individual flowers, which are of two 
sorts (Fig. 12-29). The sterile ray flowers, 
which lack both pistils and stamens, are ar- 
ranged radially around the outer margin of 
the circular head. These ray flowers account 
for most of the showiness and color of the 
“sunflower.”’ But the production of seeds is 
le{t entirely to the functional disc flowers, 
which are massed compactly in the central 
region of the head. 

Voriations of Fruit Structure. The enlarged 
ripened ovule chamber, together with its 
content of seeds, is a fruit, although in some 
cases (accessory fruits) other parts originally 
present in the flower may be incorporated 
in the fruit. For example, the apple (Fig. 
12-30) is an accessory fruit of the pome type. 
In pomes, the receptacle of the flower sur- 
rounds the ovule chamber and gives rise to 
the skin and fleshy parts of the pome; and 
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Fig. 12-26. Bees entering snapdragon flowers, a feat pos- 
sible only for large strong insects. The stigma of the snap- 
dragon is so placed that it inevitably receives pollen from 
the hairy back of the bee, if the bee has previously visited 
another snapdragon. (From The Plant Warld, by Fuller and 
Carothers. Holt, Rinehart and Winston, Inc. Photo by C. F. 
Hottes.) 








Fig. 12-27. Inflorescences of dogwood (Cor- 
nus florida). Each inflorescence consists of 
several very small flowers subtended by 4 
large, white brocts. (From The Plant World, 
by Fuller and Corothers. Holt, Rinehart and 
Winston, Inc. Photo by C. F. Hottes.) 


wr] 


Fig. 12-28. Staminate (left) and pistillote (right) inflorescences of cottonwood 
(Populus deltoides). Cottonwoods ore wind-pollinoted. (From the Plant World, by 
Fuller, and Carothers. Holt, Rinehort and Winston, Inc.) 





Fig. 12-29. Diagram showing 
the individual flowers of the 
inflarescence of the sunflower. 


only the “core” of the apple comes from the 
ovule chamber. 

Fruits, lke flowers, occur in almost end- 
less variety; and frequently fruit structures 
are important to the dispersal of the seeds— 
by the wincl, animals, or other agencies. ‘This 
relation may be seen in the following classi- 
fication, which includes many of the most 
common types of fruit. 


A. Dry Fruits 


I. Winged fruits or keys—as in maples, 
elms, and ashes (Fig. 12-31). The wings, 
which are outgrowths of the pericarp (wall of 
the ovule chamber), foster seed dispersal by 
wind. 

2. Plumed fruits, as in dandelions, syca- 
mores, and muilkweeds (Fig. 12-31). The 
plumes are also pericarpal outgrowths that 
facilitate wind dispersal. 

3. Barbed fruits, as in the burdock and 
wild carrot. These fruits are dispersed as 
“hitchhikers” on the fur or other skin cover- 
ing of animals. 

4. Legumes, as in peas and beans. The 
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capsule of this podlike type of fruit is de- 
rived from a single ovule chamber. When 
ripe, the pod splits open along both seam- 
like margins, discharging the seeds. 

5. Grains, as in corn and wheat. Only the 
very thin outer cover, which is closely ad- 
herent to the true seed coat of these single- 
seeded fruits, 1s derived from the pericarp 
(Pip. 12-23). 

6. Nuts, such as hazel nuts and acorns. In 
these single-seeded fruits, the thick, hard 
outer shell is derived from the pericarp. 


B. Fleshy Fruits 


1. Berries, such as the grape and tomato 
(Fig. 12-32). The ‘‘skin’” and all the flesh of 
the berry is derived from the wall of the 
ovule chamber, which may be monocarpel- 
late (grape) or polycarpellate (tomato) in 
origin. Many berries are eaten by ammals, 
and a dispersal of the species may result 
when the undigested seeds are voided in an- 
other locality. 

2. Drupes, such as peaches and plums. Not 
only the skin and flesh of these one-seeded 
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or two-seeded Iriuits but also the stony coat 
directly surrounding the seed proper are de- 
rivedirom the pericarp. Ile seeds of such 
frurts are also distributed by animals, which 
eat them. 

Fruits are also classified as to the number 
of individual pistils that are originally rep- 
resented in the flower. \ccordingly: 

A. A simple fruit is one that has devel- 
oped from a single pistt], and all the fruits 
previously mentioned (except the burdock, 
tomato, and maple) are simple fruits. 

B. An aggregate fruit is a cluster of rip- 
ened ovule chambers, the pistils of which 
were all borne in the same flower, tor exam- 
ple, raspberries and blackberries. 

C. A mulaple fruit is a cluster of ripened 
ovule chambers, the pistils of which were 
borne in separate Hlowers, all having a com- 
mon receptacle, for example, the pineapple. 


GROWTH AND DEVELOPMENT IN PLANTS 


In general, the development of plant struc- 
tures is much simpler than that of antmals. 
Most parts of the plant are essentially solid 
masses of cells, in contrast to the hollow or 
tubular nature of many animal organs, Anj- 


Fig. 12-30. In pome fruits, such as 
the apple, the bulk af the fleshy part 
is derived from the receptable of the 
flawer. 


FRUIT 


mal development (see Chap. 15) involves a 
complex series of foldings, invagmations, and 
cell migrations; but plant development oc- 
curs mainly at localized growing points, 
where the cells multiply, grow, and differ- 
entiate, forming the tissues of the aclult 
organs. 

In thalloid plant bodies, the growing points 
are mainly localized at the apex of each fila- 
ment, or lobe. At this point one usually finds 
a single large cell, the apical cell, which dt- 
vides continually, producing all the cells of 
the thallus. The apical cell remains more or 
less permanently in an undifferentiated con- 
dition, and retains an unlimited capacity for 
multiplication and differentiation. But most 
of the other cells become differentiated sooner 
or later, forming the specialized tissues in 
the different parts of the thallus. 

Among higher plants, which possess roots, 
stems, und leaves, cell division 1s largely re- 
stricted to growing points, which are local- 
ized masses of embryonic (meristem) tissue. 
The meristem cells remain in an undrffer- 
entiated state indefinitely, and retain their 
capacity for unlimited multiplication and 
differentiation. In the root, the growing point 
is located near the tip of each branch (Fig. 
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12-33); and m the stem, there ts a growing 
pomt at the apex of each bud. However, 
many stems (Gymnospermae and _ dicotyle- 
donous Angiospermae) possess a thin layer 
of meristem, the cambium, which encircles 
the trunk and its branches, underneath the 
bark. The cambium provides for increases in 
the girth of the stem. .\lso in most roots (Fig. 
13-11) a layer of meristem, the pericycle, re- 
mains behind the growing point, providing 
for the origin of secondary offshoots from 
the primary root. 

The nature ol growth and development in 
plants: is: svelleithiwtrared aly the casevor a 
rootlet (Fig. 12-33). Virtually all new cells, 
both below and above the growing point, 
are formed by the multiplication of the meri- 
stem cells of the growing point. Below the 
growing port, the new cells become cditter- 
entiated into the cells of the root cap. ‘The 
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root cap never becomes very large, however, 
because the cells keep scuffing off as the root 
pushes down into the soil (Fig. 12-33). Above 
the growing point, the cells increase in size 
(particularly in length), and become differ- 
entiated into the several kinds of specialized 
tissues which make up the body of the root. 
Such mature differentiated cells develop thick 
woody walls and become incapable of fur- 
ther growth and division. 

In plants, growth tends to be localized and 
potentially unlimited; while in animals, 
growth occurs throughout the body and 1s 
more limited im scope. Most animals stop 
growing when they achieve a certain size 
and form, but the size and form of a 
plant are limited mainly by external condi- 
tions. 

Embryonic Development in a_ Dicotyle- 
donous Seed Plant. After fertilization, the 
zygote begins development by a series of cell 
divisions. These first Tew divisions are all in 
one plane, producing a filament ol cells, the 
suspensor, Which pushes along the main axis 
toward the center of the endosperm tissue 
(Fig. 12-34). The enc cell of the filament 
begins to divide in other planes, lorming a 
rounded mass of cells (Fig. 12-34). The whole 
embryo is formed from this rounded mass of 
cells, and the suspensor degenerates before 
the seed is ripe. Growth and cell division 
now become most rapid at the sides of the 
embryo, near the treecend: (ils results: in 
two large outgrowths, which become the 
cotyledons. Meanwhile one end of the em- 
bryo elongates to form the hypocotyl, ane ine 
epicotyl begins to appear in the notch be- 
tween the extended cotyledons. In some 
plants the embryo stops growing before it 
occupies the whole seed—in which case an 
endosperm persists around the embryo (Fig. 
12-23). But in the bean (Fig. ]2-21) and most 
other Dicotyledoneae, the cotyledons con- 
tinue to grow, absorbing all the substance ol 
the endosperm before the seed is ripe. In any 
event, the integuments of the ovule finally 
become thicker and tougher, forming the 
seed coats. 


SUSPENSOR 


ZYGOTE DEVELOPING 


Fig. 12-34. Development 
of the embryo of a dicoty- 
ledonous plant. 


Germination. When a seed is ripe, cevel- 
opment stops temporarily. Under natural 
conditions most seeds remain in the dormant 
state throughout the winter or dry season; 
and some seeds cannot be forced to germinate 
without the intervention of a definite resting 
period. At the proper time, with the advent 
of warmth and moisture, the seed absorbs 
water, swells powerfully to burst the seed 
coats, and now the embryo resumes devel- 
opment. 

The hypocotyl elongates rapidly, forming 
the primary root, which soon develops a zone 
of root hairs just above the tip (Fig. 12-20). 
The primary root is positively geotropic; that 
is, it grows downward, toward the earth, re- 
gardless of the position in which the seed 
may happen to he (Fig. 12-35A). At the same 
time, or shortly later, the epicotyl, being 
negatively geotropic (Fig. 12-35B), begins to 
grow upward, forming the primary stem and 
the leaves. During these early stages of growth 
the young sporophyte draws upon the re- 
serve organic nutrients stored in the cotyle- 
dons and endosperm (if present). This or- 
ganic material is partly oxidized for energy 
and partly transformed into essential organic 
components in the growing cells. Despite the 
fact that the total amount of organic material 
is decreasing during this period, the actual 
size of the young plant increases greatly, 
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owing to the fact that a large amount of 
water 1s absorbed as the new protoplasm is 
formed. In some plants the cotyledons, after 
giving up their organic reserves, develop into 
ordinary foliage leaves, although more often 
the cotyledons shrivel and finally drop off. 
In either case, chlorophyll forms in the 
young leaves (and stem) shortly after they 
reach the light, and when the organic re- 
serves originally present in the seed are 
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Fig. 12-35. A, positive geotropism in primory root of 
the bean. B, negotive geotropism in young stem of 
beon plont. 
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exhausted, the young plant becomes entirely 
sell-supporting. 

Further Stages of Development. New 
branches and leaves originate from buds, 
which are generally situated at the apex and 
on the sides of the stem and its branches. 
The terminal buds provide for an elonga- 
tion of the stem or branch; and the lateral 
buds give rise to more branches (Fig. 12-36). 
The lateral buds are also called axillary buds 
because each one lies in a leal axi]—that 1s, 
in the acute angle between the stem and the 
stalk, or petiole, of a leal (Fig. 12-36). The 
immature bud is merely a conical mass of 
meristem tissue; but in mature buds (Fig. 
12-37), partially developed leaves are present. 
The young leaves first appear as lateral out- 
growths from the young bud: but gradually 
the young leaves overgrow and envelop the 
growing point of the bud (Fig. 12-37). Some 
buds remain in a dormant stage, without 
further development, for some time—as is 
true ol the winter buds ol trees. Such rest- 
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Fig. 12-36. Horse-chestnut twig in winter condition. 
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Fig. 12-37. Bud of Elodea, a naked bud. The growing 
point (A) lies at the top; and along the sides secondory 
buds (B ond D) olternate with the leaves (C). 


ing buds are usually of the protected type; 
that is, they possess an outer covering of 
horny modified leaves, called scales, which 
envelop the delicate embryonic leaves and 
the growing point of the bud (Fig. 12-36). 

The growth of a leaf, unlike that of most 
stems and roots, is limited; that is, the leaf 
stops growing when it reaches a certain size 
and form. The short but rapid growth of a 
leaf subsides first 1n the basal portion, and 
only later does the apex of the leaf reach its 
maximum size. 

In perennial plants, the primary stem may 
continue to elongate year after year as the 
terminal bud goes through its alternate peri- 
ods of rest and growth. Branches of the stem 
originate from the axillary buds, but many 
axillary buds do not develop unless the 
terminal bud is cut off or otherwise de- 
stroyed. Accordingly, the general shape of 
many plants can be modified quite drast- 
cally by pruning. 

The growth of roots differs somewhat from 
that of stems. Roots never give rise to buds 
or leaves, and the growing point is generally 
covered by a rootcap. Secondary branches of 
the root originate at various levels above the 
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Fig. 12-38. A secondary root 
forces its woy out through the cor- 
tex ond epidermis of the primary 
root. 
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growing point (Fig. 12-38), lrom the peri- 
cycle, a layer o] meristem tissue that sur- 
rounds the core ol the root. Accordingly, 
each new secondary root must break its way 
out through the cortical tissues of the old 
root. Some plants can form adventitious 
roots from the meristem tissue in any part of 
thesslemiy anda rare: cascoweveir tron leat 
meristem. 

Flowers develop at the ends of special 
stems, which are unable to grow beyond a 
fixed limit. Initially a floral bud looks much 
likes toliiec bud? but Liter the denninal 
leaves modily their development and become 
the sepals, petals, stamens, and carpels. In 
the case of mixed buds, both loltage and 
floral branches originate from the same bud. 

Vegetative Methods of Reproduction. 
Many plants exhibit a variety of reproduc- 
tive processes that do not involve the pro- 
duction of either gametes or spores. In these 
vegctative methods of reproduction, the new 
plant usually arises Irom some multicellular 
part of the parent that contains some meri- 
stem tissue. 

Many liverworts and ferns, and a few seed 
plants, lorm modified buds, called bulbils or 
gemimae, which develop into new plants after 
they become detached from the parent. Other 
plants—such as the strawberry—send out 
rumners, or prostrate stems, producing off- 
spring from the buds of the runners. New 


plants may also arise from the buds, or eyes, 
ol swollen underground stems, called tubers 
(for example, the potato). Bulbs, which are 
swollen underground buds, produce new 
bulbs in the axils of the scalelike leaves; and 
each new bulb can give rise to a separate 
plant. 

In many plants, a slip, or cutting—that is, 
a piece cut from a stem—may send out ad- 
venuitious roots and develop into a new 
plant; and in a -tew cases, a leat, or even a 
portion, of a ‘leal, may-do the same thing. 
Grafting, on the other hand, involves the 
combining of portions of two plants, and 
grafting has become a valuable and widely 
practiced technique among fruitgrowers (Fig. 
12-39). All vegetative methods of propagation 
provide a practical advantage to nurserymen. 
Vegetative reproduction never involves the 
processes of meiosis and fertilization, and 
therefore the new plant always (barring mu- 
tation) receives exactly the same set of chro- 
mosomes and hereditary characters as was 
possessed by the parent plant. Accordingly, 
the nurseryman ts sure that the desirable 
qualities olf a certain fruit tree, or potato, 
or other commerciily valuable species are 
perpetuated in the new plants. A mumber of 
seed plants, including the banana, have lost 
their capacity lor forming functional seeds, 
and are propagated solely by vegetative 
methods. 


TEST QUESTIONS 


]. Make labeled sketches showing the main fea- 
tures of; (a), the sporophyte; and (b) the 
gamectophyte, of a fern. 

2, What is th®, basis tor recosmizine ithe lealy 
fern plant as a sporophyte, and the prothal- 
lium as a gametophyte- 

3. Specify five major groups in the plant king- 
dom and explain how the representatives of 
each group are to be distinguished on the 
basiseof their life cycles. 

4. A. Make kibeled sketches to show the main 
stages in the hle cycles of: (a) Sprogyra, and 
(b) the bread mold: 

B. Indicate the haploid and diploid: stages 


and specify the points where meiosis and fer- 
tilization occur. 

9. Adentily each of the following structures and 
give their localization in either the moss, or 
the fern, or both: (a) sporangia; (b) sporo- 
cytes: (c) spores: (d) sorus; (e) antheridia: 
(f) archegonia; (¢) venter: (h) rhizoids: (3) 
terized egg: (7) foot; (k) protonema: (1) api 
cal nroreli. 

6. Describe the life cycle of Selaginella. Why 1s 
this cvcle generally considered to represent a 
tansition between the cycles of the ferns and 
seed plants? 

7. Idently and locate each of the following 


structures and wherever possible provide a 
synonym: (a) the pistil: (b) carpels: (c) the 
ovule; (d) the macrospore; (e) a stamen; ([) 
an anther; (g) a pollen grain; (h) the calyx; 
(1) the corolla; (j) the receptacle. 
Make a labeled sketch to identily the female 
gametophyte of a seed plant. Where and 
when is this gametophyte to be found in a 
llower? 
How does the female gametophyte of a seed 
plant either resemble or differ from the 
gametophytes of the fern and moss in regard 
to: (a) origin; (b) chromosome count of the 
component cells; (c) function; (d) mode of 
nutrition; (e) complexity of structure: (f) 
prospects of reaching maturity; (g) prospects 
of having the egg fertilized? 
Carefully explain points (f) and (g) of the 
preceding question. 
Differentiate between a seed and an ovule. 
What special features of seeds generally ac- 
count for the success of the seed plants tn 
spreading throughout the land areas of the 
earth? 
Supply the missing parts of the following 
statements: 

a. all the cells of the embryo sporophyte, 


FURTHER 


The Plant lVorld, 4th ed., by Harry J. Fuller 
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which occupies the center of a seed, are 
derived by mitosis from the ——— ——— ; 
b. each seed, as a whole, originates from 
an ———; whereas the fruit, as a whole, 
originates [rom the ———. 
Identify and locate: (a) cotyledons: (b) the 
hypocotyl: (c) the epicotyl; (d) the plumule; 
(ce) the embryonic bud; and (f) the suspensor. 
In the bean and pea respectively, what parts 
(if any) of the adult sporophyte originate 
from: (a) the hypocotyl; (b) the epicotyl; and 
(c) the cotyledons? 
In general, how are the parts of the flower 
modified in relation to the methods of pol- 
lination? 
Enumerate five kinds of dry fruits and two 
kinds of fleshy fruits, giving the distinguish- 
ing features and an example of each type. 
What is cambium and why is it importante 
What kinds of stems lack cambium? 
What is a seedling? Explain the general im- 
portance of cotyledons (and endosperm, if 
present). 
Identify each of the following: (a) lateral or 
axillary buds; (b) pericycle; (c) adventitious 
roots: (d) a bulbil: (e) a runner; (f) a tuber; 
(g) a bulb: (h) a cutting. 


READINGS 


3. Textbook of Botany, by Transeau, Sampson, 


and Tiffany: New York, 1953. 


4. Botany, by P. Weatherwax; Philadelphia, 


1956. 


Je NV utrition 
Plants 


HOLOPHYTIC nutrition became dominant 
in the plant kingdom during an early evolu- 
tionary period, and as multicellular species 
developed they gained greater efhiciency by a 
division of labor among the cells. Thus 
gradually the specialized tissues and organs 
of the modern higher plants came into being. 


MULTICELLULAR ALGAE 


All early primitive plants lived under 
water, and the aquatic environment puts 
little premium upon the development ol 
specialized parts. Natural bodies of water 
contain adequate amounts of carbon dioxide, 












RHIZOID CHLOROPLAST 


Fig. 13-1. 


of Multicellalar 


oxygen, and inorganic salts, so that every 
cell of a submerged plant can absorb these 
foods on an individual basis. Hence—as 
might be expected—the degree of differenti- 
ation among the cells of the green algae has 
not been very great. 

Perhaps the commonest type of cell dil- 
ferentiation among nonmotile green algue is 





the modification of some ol the cells to form 


organs of attachment. In some filamentous 
algae, a single cell at the basal end of the 
filament is specialized as a rhizoid (or hold- 
last) that attaches the filament to the soil or 
rock at the bottom. of the swvater (Fie. 135-)). 
This specialized cell is modified in shape and 


Young filament of Ulothrix, a filamentous green algo, showing a slight degree of cellular differen- 


tiation. Normally this plant grows in a more or less verticol position attached to some object on the bottom of 


o pond or stream. 
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it lacks chlorophyll. The rhizoid cell is de- 
pendent on the other cells of the filament, 
and sugars produced by photosynthesis in the 
green cells are transferred to this colorless 
cell by diffusion through the intervening cell 
membranes. 

Among the most highly differentiated of 
fresh-water algae is Nitella (Fig. 13-2). This 
relatively large green alga may measure al- 
most a foot in length. Nitella exhibits a 
branching green “stem,” which is attached 
to colorless rhizoids at the lower end, and 
which is surrounded above by whorls of 


Fig. 13-2. The water plant, Nifella, ex- 
hibits same differentiation of its parts. A, 
whole plant, about natural size. B, a 
small portion, magnified. 
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green “leaves.” Superficially, Nutella resem- 
bles a higher plant; but microscopic study 
reveals that the alga has a relatively simple 
structure. The “‘stem’’ consists of a series of 
long internodes, alternating with short nodes 
(Fig. 13-2). Each node gives rise to a whort 
of slender “leaves,” which otherwise are 
similar to the main stem; and some nodes 
give off branches like the main stem. One or 
more of the lower nodes also sends oft color- 
less rhivoids, which attach the plant to the 
soil or rock at the bottom of the pond. Ex- 
cept for the nodal cells, all parts of Netella 


“STEM 
"LEAF" 


"STEM" 


"LEAF" 


NODE 
RHIZOIDS 
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are-s\ney tial. seit several nucler enclosed 
within each wall; and except for the rhizoids, 
all parts of Nitelia contain chloroplasts. 
These structural ditferentiations in Nitella 
indicate a corresponding functional specrali- 
zation, or division of labor, among the dilfer- 
ent parts of the plant. The rhizoids serve for 
attachment, and being incapable of photo- 
synthesis, they depend upon the green parts 
for-organic-sustenunce. Lhe “leaves are ima 
particularly favorable position for absorbing 
sunlight, and perform the major part of 
photosynthesis. The internodes. because of 
their elongate form and active protoplasmic 
streaming, specialize in the distribution of 
synthesized organic substances to the other 
parts of the plant. At the end of each stem 
and branch there is an apical cell, which 
continually civides to form the cells of a 
new node: and the nodal eells retin their 
capacity for dividing and difllerentiating into 
the various specialized parts of the Nutella. 
New stem “—-zaitl “leaves orreriate -ase Dbucls 
from the nocles in a manner thitt 
acteristic of the growth of higher plants. 
However stems “ane weaves ol Nutella are 
syncytial, rather than multicellular struc- 


pSonclicar: 


tures. 

Some larger marine algae (seaweeds) pos- 
sess multicellular “hota ts, 
which are rootlike organs (Fig. 13-3). But 
rhizoils have a far simpler structure than 
true roots, being composed mainly of elon- 


rhizoids, or 


gate cells twisted into stout strands, and the 








Fig. 13-3. 


rhivoids serve only for attachment. A chief 
function of a true root is to absorb water and 
dissolved substances, but in the algae this 
function is performed by all the cells mdt1- 
vidually. Many large seaweeds also develop 
structures that externally resemble the true 
stems and leaves of higher plants, although 
internally these organs display only a small 
degree of cellular differentiation. 


THE LAND AND ENVIRONMENT 


To survive on land, plants have had to re- 
solve a serious dilemma. /n the sovl, water, 
salts, carbon dioxide, and oxygen are avail- 
able—but there is no hght. And above the 
sou—_that is. i the arr—light is available, 
but the water supply is inadequate and in- 
organic salts are lacking. Therefore a truly 
successiul land plant must possess parts that 
extend down into the soil and parts that 
reach up into the arr. Accordingly. the condi- 
tions of the terrestrial habitat have deter- 
mined the development of roots, stems, and 
leaves, which are the main nutritive organs 
of all well-adapted land plants. Typically, 
roots extend down mto the soil to anchor 
the plant in an erect position and to absorb 
enough water and dissolved materials to 
mect the -necds of the hole: plant. “Fhe 
leaves are the specialized organs of photo- 
synthesis, which pass on extra glucose and 
other orgamice compounds to the rest of the 
plant: and the stem supports the leaves and 


Holdfasts of a seaweed (Maecrocystis) from the California coast. 


transmits substances up and down between 
the leaves and roots. 


NUTRITION OF THE BRYOPHYTES 


The simplest and most primitive of terres- 
trial plants are the Bryophyta (p. 610). This 
phylum consists of two groups: (1) the liver- 
worts (class Hepaticae, p. 611); and (2) the 
mosses (class Musci, Fig. 12-11). None of the 
Bryophyta is very well adapted to land con- 
ditions—the liverworts even less so than the 
mosses. In all the Bryophyta the main burden 
of nutrition falls upon the gametophyte gen- 
eration—the sporophytes being relatively 
small and = virtually dependent. Conse- 
quently the nutritive processes of only the 
gametophytes will be discussed. 

The Liverworts. The liverworts are small 
semiterrestrial plants, unfamiltar to most 
people. ‘The flat thallus body (Fig. 13-4), 
which seldom has an area of more than one 
or two square inches, grows in contact with 
the moist ground. Only the upper surface of 
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the thallus is exposed to hight, and the lower 
surface, lies in with the 
ground, sends numerous colorless rhizoids 
downward into the soil. Usually many plants 
lie crowded closely together, completely cov- 
ering the moist ground im a regton that is 


which contact 


frequently flooded by a neighboring spring, 
or by seepage from a hillside. 

These primitive land plants manage to 
survive even in the absence of true roots, 
stems, and leaves. The thallus displays a 
fairly complex internal structure, with con- 
siderable specialization among the cells (Fig. 
13-5). To protect the thallus from the strong 
light and heat of the sun, and to prevent the 
plant from losing more water than it can 
absorb through the underlying rhizoids, the 
thallus is covered by a layer of epidermoid 
tissue, which is especially well developed on 
the upper surface. The outer walls of the 
epidermoid cells are thickened and cutinized 
(waxy), to prevent an indiscriminate evapo- 
ration of water from the delicate internal 
tissues as the sun beats down upon the plant. 





Fig. 13-4, 


A graup af liverworts (Marchantia) grawing near a spring. Note 
haw these primitive land plants crowd together, mutually pratecting themselves 
fram desiccatian during dry weather. In the cuplike badies (gemma cups), which 
can be seen an the upper surfaces af some af the thalli, budlike reproductive 
badies (gemmae) are praduced and liberated periodically. The backgraund af 
this phatagraph was retauched to give mare cantrast. 
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Also the upper surface is equipped with 
clearly defined openings, the pores, each 
flanked by specialized pore cells (Fig. 13-5). 
The pore cells contro] the size of the numer- 
ous openings, tending to close them when 
the quantity of escaping water vapor be- 
comes excessive. The pores lead into air 
spaces, inside the thallus, and these spaces 
permit carbon dioxide to diffuse from the 
Outside air 10> tiewdelicate “enecn celts... ar 
chlorenchyma, which border the air spaces. 
The remaining thickness of the thallus 1s 
composed mainly of larger cells with fewer 
chloroplasts: “litesescelis serve -chieily jas: a 
storage tissue, in which extra quantities of 
photosynthesized glucose are deposited in the 
form of starch grains. In addition to the 
storage tissue, the cells in the central parts 
of the thallus, especially along the “midribs” 
(Fig. 13-5), are unusually long and display 
very active cyclosis. This primitive vascular 
tissue accelerates the distribution of sub- 
stances from one part of the thallus to an- 
other, 

‘The rhizoids (Fig. 13-5) are colorless elon- 
gate cells with delicate walls, adapted to the 
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absorption of water and mineral salts. The 
rhizoids occur in clusters and each cluster is 
protected by one or more scales, which are 
multicellular extensions of the lower epi- 
dermoid layer. In dry weather, the scales 
tend to curl around the rhizoids, protecting 
them from desiccation. 

Growth of the thallus is by the prolifera- 
tion of apical cells at the end of each lobe. 
Frequently a growing point becomes divided 
Into two masses of embryonic tissue, each of 
which generates a new lobe; and this method 
of growth accounts lor the branching habit 
of the thallus. 

The Mosses. The general form of the moss, 
with its small erect leal-surrounded stem, was 
described previously (p. 208). Like the liver- 
worts, typical mosses are only sennterrestrial. 
They grow in densely crowded clumps, pro- 
tecting each other from desiccation; and ex- 
cept for a few highly developed species. the 
mosses are restricted to damp and_ shady 
localities. 

The internal (microscopic) structure of a 
moss plant is shown diagrammatically in Fig- 
ure 15-6. The rhizoids, which extend down 
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A liverwort (Mar- 
This plant 
same very primitive adapta- 
tions that enable it to live on 
land, but only in places where 
water is abundant (see text). 
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Fig. 13-6. 
plant. 


Diogram of longitudinal section of moss 


into the soil from the lower end of the stem, 
are simple branched filaments of colorless 
elongate cells, often twisted into stout root- 
like strands. Like the true roots of higher 
plants, the rhizoids serve for both absorption 
and attachment; but structurally the rhizoids 
are much simpler than the true roots (p. 246). 
In most mosses, the blade of each leaf con- 
sists Of a single layer of rather thick-walled 
cells, which contain numerous chloroplasts. 
During photosynthesis—and this is the spe- 
cial function of the leaf as a whole—each 
individual cell absorbs carbon dtoxide d1i- 
rectly from the air. But water, which is 
needed simultaneously in photosynthesis, is 
obtained from the rhizoids, via the stem and 
midrib of the leaf. The midrib, or central 
axis of the leaf, is somewhat thicker than the 
blade, due to the presence of several strands 
of elongate cells placed end to end along 
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the length of the leaf. This primitive vascu- 
lar tissue serves not only to carry water and 
salts out into the leaf, but also to take glucose 
and other organic substances back from the 
leaf to the other parts of the plant. 

The stem of a moss plant exhibits three 
fairly distinct concentric zones: (1) an outer 
zone made up of several layers of green cells; 
(2) an intermediate zone of larger more 
loosely packed colorless cells; and (3) an in- 
nermost core of elongate slender cells (Fig. 
13-6). Some photosynthesis occurs in the 
green cells of the outer layers. However, 
these cells have thick cutinized walls, and 
their chief function is to waterproof the ex- 
ternal surface of the stem—since very few 
mosses possess a distinct epidermal covering. 
The intermediate zone of thin-walled cells is 
for the storage of reserve organic substances, 
chiefly starch, although their loose arrange- 
ment provides air spaces to facilitate the 
respiration of the stem as a whole. The 
primitive vascular tissue in the central core 
of the moss stem serves for the distribution 
of inorganic materials wpward, and of or- 
ganic products downward, through the plant. 
In a few mosses the end walls of the vascular 
cells—where they make contact with each 
other end to end—are perforated, so that 
protoplasmic continuity exists from cell to 
cell, as in the sieve tubes of higher plants 
(p. 242). Growth occurs by the multiplica- 
tion of an apical cell at the top of each stem. 
The leaves, and in a few species branches, 
originate as buds from this growing point. 

Organs and Tissues of the Bryophytes. In 
summary, the specialized organs and tissues 
of higher land plants are foreshadowed only 
feebly in the Bryophyta. Without true roots, 
capable of absorbing water on a quantity 
basis, the bryophytes have not developed an 
extensive leaf surface, since such a surface 
would expose the plant to an excessive loss 
of water. Moreover, many of the Bryophyta 
—that is, the liverworts—have not developed 
even a primitive stem system. 

Likewise the tissues of bryophytes are only 
partially differentiated. The epidermoid and 


242 - Multicellular Plants 


storage tissue cells possess chloroplasts and 
continue to carry on photosynthesis as a sec- 
ondary function; and the vascular tissue of 
bryophytes is of a very primitive tvpe, which 
does not approach the efhciency of the true 
vascular tissues (p. 244) of the ferns and seed 
plants. 


TRANSITIONAL DEVELOPMENTS: 
ASCENDANCE OF THE SPOROPHYTE 
GENERATION 


Among the Bryophyti the gametophyte 
generation displays a limited fitness to cope 
with the land environment; and Irttle evolu- 
tronary progress has been made by Bryophyta 
in recent geological times. Meanwhile the 
sporophyte generation of the higher plants 
evolved an efhicient system of specialized 
organs and tissues; and the modern ferns and 
seed plants are well adapted to land cond- 
tions. In this evolution, however, the ga- 
metophyte generation of the higher plants 
has retrogressed and become relatively in- 
significant, from a nutritive point of view. 
Although the gametophyte (prothallium) of 
the fern is an independent plant, its nutritive 
processes are not any more complex than 
those of the liverwort; and the gametophyvtes 
of the seed plants are microscopic bodies, 
which are nourished entirely by the tissues 
of the sturdy land-adapted sporophytes (p. 
21-In- the followrme-secuions,thererore. the 
nutrition of the gumetophyte generations will 
not be considered; and only the nutrition of 
the sporophytes of the higher plants will be 
discussed. 


NUTRITIVE ORGANS AND TISSUES OF 
THE VASCULAR PLANTS 


Collectively the higher land plants, which 
possess well-defined 
tissues (see below), constitute the phylum 
Tracheopbhyta (Chap. 31). ‘Phese vascular 
plants, except for some virtually extinct 
groups (p. 613), are fairly similar as to their 
nutritive tissues and organs. The following 


conducting (vascular) 


discussion, however, deals mainly with the 
Angiospermae, which are the best adapted to 
land conditions and the most widely distrib- 
uted of all tracheophytes. 

Tissues of the Vascular Plants. The fol- 
lowing tissues, classified according to func- 
tion, are prseent i the vascular plants: 

1. Meristem Tissue (also called embryonic 
parenchyma). Meristem tissue has an un- 
linnted capacity for multiphcation and dif- 
ferentiation; and all the specialized tissues 
(listed below) are derived from the meristem 
ol the growing points of the plant. Typically 
the meristem consists of small thin-walled 
cells, which possess chloroplasts and which 
divide more or less continuously, forming 
more meristem. 

2. Epidermal Tissues. Epidermal tissues pro- 
vide a suitable covering for the various sur- 
faces of the plant. Typical epidermal cells fit 


closely together with a minimum of inter- 
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Fig. 13-7. Magnified surface view of a Sedum leaf. 
Each stoma is flanked by a pair af small sausage- 
shaped guard cells, which fit in among the large 
irregular epidermal cells. Photograph retauched to 
clarify outline of the guard cells. 


cellular material or space—forming a layer 
that is only one cell deep. Epidermal cells 
vary in form in the different parts of the 
plant. In the leaf (Fig. 13-7), where the epi- 
dermis protects the internal tissues from los- 
ing too much water, the outer walls of the 
cells are thick and cutinized. Leaf epidermis 
is also unusually transparent, allowing light 
to pass through to the green tissue inside 
the leaf. Even in the leaf the epidermal cells 
do not possess chloroplasts. In the root, where 
the epidermis has an absorptive function, the 
cell walls are relatively delicate; and in the 
zone where absorption is most active, the 
epidermal cells ol the root possess slender 
outgrowths, the root hairs. 

3. Green Parenchyma, or Chlorenchyma. 
Parenchyma tissues are not highly special- 
ized; that is, the cells resemble meristem cells 
in greater or lesser degree. Green parenchyma 
possesses chloroplasts (Fig. 13-16), and photo- 
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synthesis is the main function. Green paren- 
chyma cells are usually thin walled and 
loosely packed. ‘This arrangement provides 
a continuous system of intercellular spaces 
and facilitates the exchange of gases during 
photosynthesis and respiration. Green paren- 
chyma is localized mainly in the leaves, al- 
though some chlorenchyma is usually present 
near the surface in younger stems. 

4. Storage Parenchyma, or Colorless Paren- 
chyma. Storage parenchyma resembles green 
parenchyma, except that the cells are gen- 
erally larger and lack chloroplasts. The main 
function of colorless parenchyma is to store 
organic substances (chiefly starch); but the 
loose arrangement of the cells facilitates 
respiration in the stem and roots (Fig. 13-8). 

5. Strengthening Tissues. (a) Sclerenchyma: 
This loosely defined tissue consists of elon- 
gate cells with very thick cell walls. In some 
mature sclerenchyma all the protoplasm may 
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Fig. 13-8. 


Tissues af the higher plants as shawn in a diagrammatic sectian af the stem af an 


angiasperm. Far canvenience af labeling, the stem has been placed horizantally rather than in the 


narmal vertical pasitian. 
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be replaced by the encroachment of the thick 
cell walls, which impart mechanical strength 
to the tissue. Sclerenchyma is present in many 
stems and roots. and mm some leaves. 

(b) Bast. This special type of scleren- 
chyma is found in the phloem (p. 243) of 
many stems (Fig. 13-8). Initially each bast 
fiber is a living cell, which develops an elon- 
gate spindlelike shape and verv thick walls. 
A mature bast fiber finally displays a small 
central hollow, which is devotd of any proto- 
plasm (Fig. 13-8). The pointed ends of the 
spindle-shaped bast fibers tend to overlap 
each other, imparting great flexibility and 
strength to the tissue as a whole. 

(c) Hood hkewise is a special type of scler- 
enchyniag which 15. found 11 the xylem <(p. 
243) of many stems (Fig. 13-8). Wood fibers 
resemble bast fibers in origin and Jorm. How- 
ever, in wood the cell walls are denser, and 
this imparts a “harder” quality to the tissue. 

6. Vascular Tissues. (a) Steve tubes are tubu- 
lar units found in the phloem of stems (Fig. 
[3-8); roots, sand: leaves: “Exch “sieve ube 
represents a column of elongate cylindrical 
cells, placed end tovend. At mattricy the end 
walls of these cells become perforated, form- 
ing the sieve plates, which give protoplasmic 
conunuity between the successively placed 
cells in the column (Fig. 13-8). Moreover, the 
cytoplasm of a mature sieve tube unit ap- 
pears to be somewhat modified and no nu- 
cleus is present. The protoplasm of the sieve 
tubes displays active cyclosis, which acceler- 
ates the distribution of substances lengthwise 
through the plant. The sieve tubes are con- 
cerned particularly with the transportation 
of sugars and other organic products. down- 
ward and sideways in the plant. 

(b) Ducts, or vessels, are tubular units local- 
ived in the xylem regions of roots, stems, and 
leaves: Lhe anitial differentiation ol a duct 
from embryonic parenchyma resembles that 
of a sieve tube, but later the side wall of the 
column ol! cells becomes much thicker, and 
gradually the end walls are resorbed com- 
pletely (Fig. 13-8). Finally all the protoplasm 
disappears, leaving a free channel throughout 


the length of each vessel. The ducts form 
continuous channels from the roots up 
through the stem and into the leaves. Ducts 
serve to transport substances—particularly 
water and inorganic salts—upward through 
the plant. Several kinds of ducts are distin- 
guishable. In pitted ducts, the side walls are 
pocked with numerous round depressions 
(Fig. 13-8). These pits partially penetrate the 
cellulose and perniut substances to escape 
from the ducts, supplving the surrounding 
tissues at various levels of the plant. In spiral 
(Fig. 13-8) and annular ducts, thickenings of 
the sicle-avalls: can -be seen, whiely. give a 
“springhke” and a “ringlike” appearance to 
each. Téspective type. The xylem ‘ol some 
vascular plants contains tracheids, which may 
replace the ducts, either partially or com- 
pletely. Generaily speaking, tracheids are like 
ducts, except that their conducting channels 
are interrupted periodically by diagonally 
placed pertorated cell walls. In addition to 
the vascular function, ducts and _ tracheids 
augment the mechanical strength of the vari- 
ous parts, especially in the stem. 

The Root and Its Functions. Aside from the 
fact that some roots serve us repositories for 
reserves of synthesized organic products, espe- 
cially starch, the root system o! a vascular 
plant has two main functions: (1) it absorbs 
water and salts for the plant as a whole: and 
(2) it anchors the plant in an upright posi- 
tion. Accordingly, the roots of a plant ramify 
extensively throughout the soil. In many trees 
the roots branch even more profusely than 
the stem; and frequently the total root siwr- 
face is greater than that of the stem with all 
its branches (Fig. 13-9). The root system ol 
a single rye plant. grown under ideal condi- 
tions, was found to measure more than 300 
miles of branching length. These roots pro- 
vide a surface urea of more than 2500 square 
leet, not counting the area of the root hairs. 
However, the depth of roots seldom equals 
the height of the stem, although frequently 
the two systems have a corresponding lateral 
spread. 

Not all parts of the root system are equally 





Fig. 13-9. 


Raats af a white elm exposed by the en- 
croochment of a stream. (Caurtesy of the Missauri 
Botanical Garden.) 


effective in the absorption of water and salts. 
In fact absorption is confined largely to the 
root hair zone, which lies above the growing 
point in each of the many young branches or 
rootlets (Fig. 13-10). 

The root hair zone displays a highly or- 
ganized structure, as may be seen in cross 
section (Fig. 13-11). Ae the center lies the 
vascular cylinder, sheathed by a thick cortex. 
The vascular cylinder is composed chiefly of 
ducts and sieve tubes, surrounded by a single 
layer of growth tissue, the pericycle. ‘The 
thickness of the cortex is due to the several 
layers of colorless parenchyma, which is cov- 
ered externally by a thin epidermis from 
which the root hairs are derived. 

Absorption by the root is determined 
partly by osmosis, although active transport 
mechanisms (p. 121) serve to maintain a high 
concentration of certain ions in the tissues of 
the root. Water from the soil enters the root 
hairs and then passes across the cortex tissues, 
entering the ducts of the vascular cylinder 
(Fig. 13-11). The root hairs extend out from 
the epidermis and make contact with the film 
of water that wets the particles of moist soil 
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(Fig. 13-12). Although only I to 2 centimeters 
in length, each root hair zone displays a 
prodigious number of these tiny structures. 
The number of root hairs in a single rye 
plant, for example, has been carefully esti- 
mated at more than I4 million, adding some 
4 thousand square feet of extra surface to 
the absorbing area of the root system. The root 
hairs, being very delicate, dry out and die 
within a few minutes if they are exposed to 
air. Consequently, if a plant is to be trans- 
planted during the growing season, the soil 
around the roots must be disturbed as little 
as possible. This care avoids tearing the root 
hairs—which may be cemented to the soil 
particles—and protects them from_ being 
killed by drying. Without root hairs a plant 
usually wilts and dies before new root hairs 
can be regenerated, because the root hairs 
account for a high percentage of the absorb- 
ing surface of the root. 

Soil water 1s a hypotonic solution of tnor- 
ganic salts, which yields water to the root 
hair cells; and as these epidermal cells take 
in water, they become hypotonic to the cells 





Fig. 13-10. Root hoirs as seen on a seedling of the 
garden cress grown in moist air (x 4). 
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of the cortex. Thus water continues to pass 
inward through the root tissues, toward the 
ducts in the vascular cylinder. The ducts con- 
tain the sap of the plant. This solution, be- 
cause of its content of sugars and salts, 1s 
distinctly hypertonic, and tends to absorb 
water from the surrounding tissues. The 
water entering the sap generates a pressure 
in the ducts; and this root pressure lorces 
the sap to flow upward through the plant. 
At the: 1opeorethe phint. much Wwilercon- 
stantly escapes from the leaves (p. 250), and 
libetHe lenves Mew suears we Deine. ymciie: 
sized and sent downward to the roots. These 
processes ure necessary to maintain the hyper- 
tonicity of the sap and to foster a further 
ADSO!DHOD-Ol AV cela(SCe se 5). 

The root also absorbs inorganic salts from 
the soul, although this is a relatuvely slow 





Fig. 13-11. 
root-hoir zone. Note how soil water enters the xylem 
through the intervening tissues. 
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Diagrammat'c cross section of a root, in the 


process. Probably roots are able to augment 
their salt absorption by energy-expending 
processes, but these processes are not well 
understood. Ordinarily, inorganic salts are 
absorbed. in: very siya amounts, and conse: 
quently large volumes of sap must flow to the 
upper parts of the plant to supply the me- 
tabolic needs of the tissues (see later). 

The Stem and Its Functions. Ihe exten- 
sively branching stem system of the typical 
land plant has two primary Lunctrons: (1) it 
supports the leaves in a position that assures 
2 muxtinum of photosynthesis, and (2) it 
conducts materials upward and downward 
betwen. tlie leaves andere 100ts: 

The vascular functions of the plant are 
perlormed mainly by the ducts, or vessels, 
and sieve tubes. These vascular elements al- 
ways occur m the form of organized strands, 


Fig. 13-12. Relatian of root hairs to 
the sail. Nate particularly the oir spaces 
in the soil, and the film of soil water 
that clings to the soil particles. 
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Fig. 13-13. Photomicrograph of one quadrant of a cross sectian of stem of a dicotyledonous 
plant (clover). Nate particularly the circular arrangement of the vascular bundles and the 


dispositian of the cambium. 
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called vascular bundles. The vascular biuin- 
dles of the stem extend downward into the 
root and upward into the leaves, lorming a 
continuous system of channels throughout 
the plant. In addition to vessels and sieve 
tubes, most vascular bundles contain consid- 
erable strengthening tissue, sclerenchyma 
tissue. However, much of the strength and 
flexibility of the stem and its branches is due 
to the mechanical properties of the vascular 
bundles (Fig. 13-13). 

Microscopic Structure of a Stem. The tissues 
of the stem are organized around the vascular 
bundles, although the arrangement of the 
bundles difkters considerably in different 
plants. Main attention will be given to the 
stem of a clover plant, which is quite typical 
ol the young stems of dicotyledonous plants 
generally. 

In cross section, the clover stem displays a 
circular arrangement of the vascular bundles 
(Fig. 13-13). Accordingly, 1t is possible to sub- 
divide the stem into three concentric regions: 
(1) the pith, a central core of colorless paren- 
chyma; (2) the vascular region, comprised by 
the rmg of bundles, taken collectively; and 
(3)-the cortex, tlie tissues: that surround the 
ring ol bundles. 

Figure 13-13 shows that each vascular bun- 
dle is subdivided into an imner part, the 
xylem, and an outer part, the phloem, by the 
cambium, a layer of meristem tssue. All 
growth in the girth of the stem results from 
the activity of the cambium cells, which keep 
multiplying and dillerentiagng to lorm the 
other tissues. New phloem—wwhich consists 
mainly of sicve tubes—is formed along the 
Oiter amutoin cok. the-ccamibiunl;, and new 
xylem—mainly ducts—is formed by the cam- 
bium along its 7mer margin, 

Surrounding the vascular region lie the 
tissues ol the cortex, which commonly is 
called the bark; and between the bundles he 
the rays, the strands of tissue that extend 
radially from the pith to the cortex (Fig. 13- 
8). The cortex, together with its superficial 
layer of epidermis, serves chielly as a protec- 
tive cover, although in young stems the cor- 





tex may contain chlorenchyma and perform 
a limited amount of photosynthesis. The 
pith consists ol colorless parenchyma, in 
which the large thin-walled cells serve as 
storage centers, chiefly of starch grains. In 
older stems, which, unltke the clover stem, 
continue to grow from year to year, the cells 
of the rays become elongate in a horizontal 
direction. This growth indicates that the rays 
act as channels for the radial distribution of 
substances, Irom the vascular tissues outward 
into the cortex and inward into the pith. 
During the first year ol growth, woody 
stems such as are characteristic of most trees 
and shrubs closely resemble the clover stem. 
But in woody stems, the cambium gives rise 
each year to an additional layer of xylem 
on the inside, and another (much thinner) 
layer ol phloem on the outside. These yearly 
deposits of xylem in woody stems are clearly 
differentiated as the annual rings (Fig. 13-14). 
The annual rings are distinguishable because 
the ducts that are formed in the spring of 
eich. year are ‘larger thai those: that. are 
formed in summer: and because fewer wood 
hbers (p. 213) are formed during the spring 
ero weneol che sy lene pigs 15-15). Only the 
outermost, or youngest, layer of the xylem 
continues to carry sup upward through the 
plant, but the older xylem keeps augmenting 
the strength ol the stem as the load of loliage 
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Fig. 13-14. 
of a 3-year-old pine stem. 


Diogram showing cross-sectional structure 


becomes greater. Woody stems also tend to 
develop a “corky” layer outside the cortex 
proper, and this cork replaces the epidermis 
(Fig. 13-14). Moreover, the thickness of the 
bark does not increase indefinitely because 
the outer layers are continually worn away 
by the action of the elements. 
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Fig. 13-15. Phatamicragraph af a crass sectian of the 
waad af elm (Ulmus americana). The light circles, bath 
large and small, are ducts, between which lie chiefly 
waad fibers; and the vertical streaks are rays. 


Conduction in the Stem. The upward flow of 
sap in the xylem, which carries water and 
salts to the higher parts of the plant, can be 
demonstrated by girdling experiments. If 
a cut is made through the cortex and phloem, 
encircling the stem just to the depth of the 
cambium, the leaves of the plant remain 
turgid and do not wilt for a number of days. 
This shows that water passes the girdled re- 
gion and reaches the foliage in adequate 
amounts. However, growth in the stem and 
roots below the cut stops as soon as the local 
stores of organic substances are exhausted. 
Finally the roots begin to die, and then the 
whole plant dies, indicating that the roots 
and other nonlealy parts of the plant depend 
upon synthesized organic substances brought 
downward trom the leaves via the sieve tubes 
of the phloem. 

Internal girdling, which is the opposite 
experiment, involves cutting the xylem of a 
stem without disturbing the phloem. This 
operation is difficult, but it can be done in 
small stems, by means of special instruments. 
The leaves of such a girdled plant begin to 
wilt and die immediately after the operation, 
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because water cannot get to the leaves to re- 
place the evaporative losses. And without 
leaves the whole plant will die, unless it can 
put forth new foliage from the stem below 
the level of the operation. 

The Leaf and Its Function. The broad 
bladelike form of typical leaves is well 
adapted to their main function, which is to 
carry on photosynthesis for the plant as a 
whole. To fulfill this function the leaf must 
possess an adequate surface that is exposed 
as directly as possible to sunlight. 

The leaf in dicotyledonous plants consists 
of a stalk, called the petiole, and a broad 
part, the blade, which may be either simple 
or subdivided into leaflets. In structure the 
petiole closely resembles the stem; and the 
vascular bundles of the petiole extend out 
into the blade, forming the midrib of the 
leaf. In the blade the vascular bundles of 
the midrib “fan out,” forming a network of 
veins throughout all the blade. Essentially 
each vein is a small vascular bundle, sur- 
rounded by a sheath of parenchyma cells. 

Microscopic Structure of a Leof. The internal 
structure of the leaf is seen more clearly in 
cross section (Figs. 13-16 and 13-17). The 
colorless cells of the upper and lower epi- 
dermis possess relatively thick, thoroughly 
cutinized outer cell walls. This epidermal 
layer protects the more delicate internal cells 
from drying and from mechanical injuries 
and infections. ‘The epidermis, especially on 
the lower side of the leaf, is characterized by 
the presence of numerous small pores, the 
stomata. Each stoma is flanked by a pair of 
guard cells (Figs. 13-16 and 13-17), which 
control the escape of water vapor, and regu- 
late the exchange of CO. and O, between 
the internal tissues and the atmosphere. Un- 
like epidermal cells, the guard cells possess 
chloroplasts. 

Most of the space between the upper and 
lower epidermis is filled with chlorenchyma 
tissue, but these green cells are loosely ar- 
ranged, especially in the lower layers (Fig. 
13-16). Accordingly there is an extensive sys- 
tem of intercellular air spaces inside the leaf, 
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and these internal air spaces communicate 
with the outside air through the stomata. 
The network of veins, or vascular bundles, 
in the leaf is so extensive that one or more 
bundles is likely to be present in any section 
of the leaf, however small. The xylem olf 
each vein occupies an upper position rela- 
tive to the phloem, and the smaller veins 
may consist of only a few ducts and a cor- 
responding number of sieve tubes. The very 
smallest veins—out near the margin of the 
blade—lack sieve tubes and consist of only 
one or two ducts, which end blindly among 





Fig. 13-17. 
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Fig. 13-16. Cross sectian of portion af the blode 
of a leaf, including a single vein. 


the chlorenchyma cells. As in the stem, the 
vascular bundles of the leaf are chiefly chan- 
nels of distribution. Water and salts are 
brought to the chlorenchyma cells by the 
ducts, and organic substances are carried out 
of the leaf by the sieve tubes. 

Transpirotion, On sunny days the leaves give 
off large amounts of water vapor, provided 
the plant is able to absorb a compensating 
quantity of water from the soil. This loss of 
water vapor from the leaves, which is con- 
trolled by the guard cells, is called trans- 
piration. The heat of the sun keeps vaporiz- 
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Photograph of a cross section of a lilac leaf. One large vein lies in 


the thick part of the section, and two very small veins are present in the thinner 


part ta the left. 


ing water from the surface of the thin-walled 
chlorenchyma cells inside the leal, and the 
resulting vapor passes out of the leaf by way 
of the stomatal openings. 

In most leaves the stomata occur chiefly or 
entirely on the lower surface; and the num- 
ber of stomata varies between 50 and 500 
per square millimeter of the surface (Fig. 
13-7). The average size at maximal opening 
is about 6 18 microns, so that about “Y,y 
of the leaf surface may be occupied by sto- 
mata. The transmission of gases through 
such a perforated membrane is almost as 
rapid as in free diffusion. However, the size 
of the stomata is regulated strictly by the 
guard cells. When plenty of water comes up 
to the leaf from the soil, the guard cells re- 
main turgid; and when turgid, the guard 
cells spring apart, opening the stomata (Fig. 
13-18). But when the loss of water by trans- 
piration exceeds the gain of water from the 
soil, the guard cells wilt, and the wilted 
guard cells change shape in such a fashion 
that they block the stomatal openings. The 
guard cells possess chloroplasts, which enable 
them to regulate their own turgor according 
to current conditions. By synthesizing sugar, 
the cells may increase their turgor, or by 
converting sugar into starch, the cells may 
lose turgor. Accordingly the stomata tend to 
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Fig. 13-18. The actian af guard cells. Abave, the 
guard cells are turgid, leaving the stama apen; belaw, 
the guard cells are wilted (i.e., less turgid), clasing 
the stama. 
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remain open m the daytime—provided the 
water supply is adequate—but at night they 
tend to be partially closed. 

The quantity of water transpired by an 
average plant in sunhght is about 50 grams 
per square meter of leaf surface per hour. 
Thus a single corn plant puts forth more 
than 50 gallons of water in the course of one 
summer; or an acre of corn transpires about 
300,000 gallons of water in the same time. 
An average tree transpires more than 1500 
gallons annually, and the total quantity of 
water vaporized from the vegetation of a 
forested region has a significant influence 
upon the rainfall, humidity, and tempera- 
ture of that region. 

As the sun beats down, the leaf absorbs 
about 75 percent of the impinging light. 
However, roughly only 3 percent of this 
energy is utilized in photosynthesis. The rest 
is transformed into heat—the heat that va- 
porizes water and leads to transpiration. This 
vaporization 1s most important, not only 
because it dissipates the heat that otherwise 
would kill the tissues of the leaf, but also 
because it generates an osmotic force that 
evacuates the ducts of the leaf and brings 
about a further flow of sap upward from the 
roots. 





Tronspiration and the Flow of Sap. Transpira- 
tion motivates the upward flow of sap by 
altering osmotic conditions in the leaves. 
When the chlorenchyma tissues lose water, 
the cells become hypertonic to the sap in the 
veins, which le in close contact with the 
chlorenchyma (Fig. 13-16). During transpira- 
tion, consequently, water tends to be drawn 
from the ducts into the chlorenchyma tissues. 
Such a forceful evacuation of the ducts of the 
leaf creates a lifting force that helps to ele- 
vate the whole column of sap in its ascent 
from the roots. At certain times, in fact, 
when the solute content of the root sap 1s 
low, transpirational] lift represents the prin- 
cipal], or even the only, force that maintains 
an upward flow of sap. Transpirational lft 
could not be effective, however, were it not 
for the high cohesive strength of the aqueous 
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sap, which prevents the column from break- 
Ing as it is pulled upward in the vessels. The 
tensile strength of a column of water, which 
is almost equivalent to that of a sap colhunn, 
has been measured in several ways. These 
measurements yield values that are equal to 
or greater than 60 kilograms per square 
centimeter, or 60 atmospheres. Such a force 
would be adequate to lift sap to the tallest 
(ree-top, even considering the high resistance 
encountered by the sap as it flows through the 
very fine vessels of the plant. Also this force 
would account for the rapidity of sap ascent, 
which reaches a maximum of some 200 feet 
per hour in some hardwood trees such as the 
oak. A large flow of sap is essential to the 
plant, but not because a great quantity of 
water as needed for photosynthesis. Actu- 
ally only about 1 percent of the water reach- 
ing the leaf is used this way. A very copious 
flow is necessary if the leaf cells are to receive 
adequate quantities of salts (lor protein syn- 
thesis), srnce only very small amounts of in- 
organic salts are present in the sap. More- 
over, large quantities of water must be vapor- 
ized from the leaf to prevent an overheating 
of the tissues. 

Elevatian af Sap in Tall Trees. The rise of sap 
in tall trees—which may grow to heights of 
more than 300 leet—may involve mechanisms 
that are not yet fully understood, although 
certainly both transpiration and root pres- 
sure must act In cooperation with one an- 
other. Root pressure is the positive pressure 
of the sap in the ducts at the point where 
these vessels emerge from the root to enter 
the stem. A rough measurement of root 
pressure may be obtained by cutting off the 
stem close to the root and joining the base of 
the stem to a pressure gauge, which records 
the force built up by the exuding sap (Fig. 
13-19). Technical difficulty is encountered in 
making a junction that is both leakproof 
and noninjurious to the tissues in the region 
of the joint: and on this account carly in- 
vestigators failed to record pressures that 
were adequate to hif{t the sap to any sig- 
nificant height. However, recent experiments 





Fig. 13-19. A rough methad af measuring root pres- 
sure. The stem of a patted plant is cut aff and re- 
placed by a closed tube cantaining water and mercury. 
As water is absarbed, sap exudes from the cut stem, 
farcing the mercury upward. 


prove that even a small plant, such as the 
tomato, can generate a root pressure amount- 
ing to at least 2 to 3 atmospheres. 

Root pressure results from the hvyper- 
tonicity of the root sap, relative to the soil 
water that surrounds the root. A 10 percent 
glucose solution separated from soil water 
by a membrane that is permeable to water 
but not to the sugar will continue to absorb 
water until a pressure of more than 12 at- 
mospheres has been developed. This would 


be adequate to elevate water to a height of 
some 380 leet, although it is doubtful that 
root pressures of this magnitude are actually 
generated. In the root, the semipermeable 
membrane is provided, not by the walls of 
the ducts—since these vessels are nonliving 
—but by the layers of living cells that inter- 
vene between the sap in the ducts and the 
soil water, at the external surface of the root 
(Fig. 13-11). 

In the intact plant, transpiration, of 
course, participates in the lifting of the sap. 
The constant evaporation of water from the 
leaves-—and the fact that the leaves produce 
considerable sugar—keep the chlorenchyma 
cells distinctly hypertonic to the sap in the 
veins. Consequently the chlorenchyma con- 
tinually draws water from the upper parts of 
the ducts, and this evacuation tends to lift 
the column of sap upward in each duct. This 
lifting power of transpiration can be ob- 
served in a leafy branch that has been cut 
from a plant and placed in water. In such a 
branch, the leaves continue to transpire, and 
can draw up enough water to maintain a 
normal turgor in the tissues for several 
days. 

In the springtime, before leaves have de- 
veloped on the branches, a tree is much more 
dependent upon root pressure for the large 
amounts of water needed by the sprouting 
buds. At this time the sugar content—-and 
hence the hypertonicity of the root sap— 
reaches a maximum, because the winter 
stores of starch in the root parenchyma are 
converted in the spring to sugar, which 
passes into the ducts. It may be, however, 
that other forces, still unknown, may operate 
to energize the upsurging of sap in the 
springtime. 

In summer the solute content of the root 
sap tends to drop away, because now the 
root depends mainly upon the amount of 
sugar that gradually comes down to the roots 
from the leaves. Consequently, in summer 
root pressure is relatively low, and the plant 
depends upon the lifting power of transpira- 
tion. 
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DISTRIBUTION OF ORGANIC 
SUBSTANCES IN PLANTS 


Part of the sugars and other organic sub- 
stances synthesized in the leaf is utilized in 
the metabolism of the cells of the leaf itself. 
But a greater part passes from the leaves to 
the lower parts of the plant, mainly via the 
sieve tubes of phloem. 

The sieve tubes convey organic products 
at a relatively slow rate—depending partly 
upon the rate of passage of materials through 
the sieve plates that interrupt the columns 
(p. 243); partly upon the rate of streaming in 
the sieve tube cells; and partly, perhaps, 
upon other factors, such as electro-osmosis. 
The rate of downward flow has been meas- 
ured in various ways that yield equivalent 
values of some 20 to 40 inches per hour. But 
as the sugars and other soluble products pass 
downward through the stem, some diffuse 
radially, supplying the tissues at each level. 
The rays in thicker stems facilitate this radial 
distribution to the cells of the pith, which 
tend to accumulate reserves of starch. The 
remaining organic products eventually reach 
the root parenchyma, which also stores con- 
siderable quantities of starch, especially in 
the case of perennial plants. 

Just before leaf fall, in hardy deciduous 
plants, much organic content (aside from 
cellulose) is salvaged from the leaves and 
carried, via the sieve tube elements, to parts 
that will survive through the winter. When 
such transportation is completed, however, 
the pores of the sieve plates are closed off by 
deposition of a special high-polymer sugar, 
called callose. ‘Then in the following spring 
a new set of sieve tubes, as well as a new set 
of xylem vessels, must be formed from the 
cambium and other meristemic tissues. 


METABOLISM IN HIGHER PLANTS 


Metabolism goes on in all the living cells 
of the plant, producing new organic sub- 
stances needed for the growth and mainte- 
nance of the tissues, and providing energy, 
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without which the synthetic and respon- 
sive activities of the plant could not pro- 
ceed, 

‘The mainspring of constructive metabo- 
lism 1s photosynthesis, which is effected 
chiefly in the leaves. Light energy provides 
for the synthesis of various organic mole- 
cules (p. 164), among which glucose is very 
important. This sugar (or its derivatives) 
provides a source of matter and energy in 
the cells throughout the whole plant. 

Under average conditions the amount of 
glucose produced in a leaf is about | gram 
per square meter of surface per hour of day- 
light. In the present period of geological 
time one limiting factor imposed upon the 
rate of photosynthesis ts the relatively smal] 
concentration (about 0.03 percent) of COs 
in the atmosphere; if a greater amount (up 
to 10 percent) of CO. be provided artificially 
(as is clone In some modern greenhouses) the 
rate of photosynthesis can be accelerated 
considerably. ‘This, in fact, is part of the evi- 
dence indicating that the tremendous growth 
of vegetation that occurred during the era 
when our coal deposits were formed resulted 
from a higher content of CO, in the terres- 
trial] atmosphere. 

In daylight, the production ol glucose ex- 
ceeds the rate at which sugar can be evacu- 
ated from the leaf, and the excess is con- 
verted into starch in the chlorenchyma cells. 
At sunset, accordingly, the leaf contains an 
abundance of starch—as can be demonstrated 
by the iodine test. But at sunrise the test is 
apt to be negative. During the night the 
temporary deposits of starch are reconverted 
to glucose, which gradually passes [rom the 
leaf to other parts of the plant. 

Aside [rom photosynthesis, constructive 
metabolism is essentially similar in the differ- 
ent tissues of the plant. Grven glucose, to- 
gether with nitrates, sulfates, phosphates, and 
other inorganic salts, plant cells can 
thestze all the different amino acids; and 
from the amino acids, by dehydration syn- 
thesis, each cell forms the specific proteins 
essential to its protoplasmic structure. Al- 
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though all the cells of a plant can synthesize 
amino acids, the chlorenchyma cells—having 
a direct supply ol light energy—are in a 
specially favorable position. Accordingly the 
green tissues of the plant tend to produce 
extra amino acids and to transmit the extra 
amounts to the lower parts of the plant via 
thesieve tubes. 

Plant cells also can convert glucose into 
fats and steroids; and il phosphates and other 
salts are available, glucose can be converted 
into phospholipids. Thus it may be said that 
plants use glucose as a source of carbon, 
hydrogen, and oxygen in synthesizing all 
their organic requirements, including such 
other compounds as vitamins, special drugs, 
PCT LUIMES. Ue. 

Destructive metabolism in plants is not 
quite as complex as in animals, because 
plants derive most of their energy from the 
catabolism of glucose. Except in seeds and 
certain other regions where reserve supplies 
are necessary, plants tend to limit their syn- 
thesis of proteins, lipids, and other structural 
components of the protoplasm to = such 
amounts as are needed for growth and main- 
tenance. Consequently plants do not usually 
possess excesses of these structural com- 
pounds for use as fuel. During periods of 
malnutrition, especially when light is lack- 
ing or inadequate, plants may sacrifice some 
of their proteins and other essential com- 
pounds in order to obtain energy for main- 
taining the protoplasmic structure—-but this 
last resort postpones death only [or a short 
while. Ordinarily plants derive virtually all 
energy [rom carbohydrates, and consequently 
the end products of plant catabolism are 
mainly CO. and H.O. 

Because of photosynthesis, the constructive 
metabolism of plants greatly exceeds destruc- 
tive metabolism. In growing, an average 
plant oxidizes only about 15 percent of its 
photosynthesized glucose. This oxidized glu- 
cose liberates enough energy to convert the 
remaining glucose into starch (about 50 per- 
cent); into cellulose and related compounds 
(about 25 percent); and into the carbon- 





hydrogen-oxygen parts of proteins and other 
essential compounds (about 10 percent). In- 
evitably, therefore, plant growth represents 
a net increase of organic matter in which the 
stores of useful energy are derived entirely 
from the sun. 

Again it must be emphasized that the syn- 
thetic powers of plants are amazingly com- 
plex and that plant metabolism is still a 
very active field of research. For example, 
the role of the trace elements (boron, man- 
ganese, zinc, etc.), which are needed in ex- 
tremely small amounts to maintain the 
growth of many plants, is now receiving an 
intensive investigation (see Fig. 13-20), and 
the relation between these elements and spe- 


Nutrition of Multicellular Plants - 255 


cific metabolic enzymes is undergoing clarifi- 
cation. 


RESPIRATION! IN HIGHER PLANTS 


Each organ of the plant takes in oxygen 
and gives off carbon dioxide mainly on a 
local basis. All the cells use oxygen and pro- 
duce carbon dioxide as oxidative metabol- 
ism proceeds, and consequently respiration 
must occur in all the organs. 

The leaves differ from the stem and roots 


1In a broader sense the term “respiration” em- 
braces all processes of oxidative metabolism. Here, 
however, it merely designates the taking in of oxygen 
and the giving off of carbon dioxide by the organism, 





Fig. 13-20. 


Radioactive zinc (Zn®5) accumulated in the seeds of the fruit of a tomata plant grown in a culture 


salution containing only 0.1 part of radioactive zine per million parts of solution. Although the amount of zinc 
present in one seed is only three-billionths of one gram, without this small amount no seed would be farmed. This 
photograph, called a radioautograph, was made by plocing thin slices of the young fruit in contact with a 
photographic plate. Thus an exposure of the film is effected only in local areas where the radiatians from the 
occumulated Zn®5 are sufficiently intense. Such experiments show that small amounts of zinc are essential to 
many plants, and that the plant does not differentiate between ardinary zinc and the radiooctive isotope (Zn8*), 
(Courtesy of Perry R. Stout, Division of Plant Nutrition, University of California.) 
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in that, during photosynthesis, the leaves 
produce more oxygen than they use in oxida- 
tive metabolism. Likewise leaves in daylight 
consume more carbon dioxide than they 
form. Consequently the gas exchange of 
photosynthesis overrides that of respiration 
in the leaves of the plant during the daylight 
hours. However, the stem and root, and the 
leaves at night, must obtain oxygen from the 
outside, and must get rid of carbon dioxide; 
and this respiratory gas exchange takes place 
through air spaces in the loosely packed 
parenchyma tissues (Fig. 13-21). These air 
spaces form a continuous system throughout 
the plant. and in the leaves and stem, the 
alr spaces communicate with the outside 
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Fig. 13-21. Diagram af the aeration system of a vas- 
cular plant. The white lines represent intercellular 
air spaces, apening to the outside thraugh stomata. 


atmosphere through stomata. Roots have no 
stomata, but the respiratory gases are CX- 
changed by diffusion between the root tis- 
sues and the soil water. Well-aerated soil 
contains 20 to 40 percent (by volume) of arr, 
and this air maintains equilibrium with the 
soil water, which clings to the loosely packed 
soil particles. Closely packed — soils—or 
swampy soils in which the air spaces are 
filled with water—are 1}] suited to most 
plants, because these conditions tend to 
asphyxiate the roots, eventually killing the 
whole plant. Likewise a heaping of soil 
around the lower parts of the stem may cause 
asphyxiation. Each part of the plant must 
breathe for itself, and the movements of the 
respiratory gases depend entirely upon diftu- 
sion. However, the oxygen requirements olf 
plants are compartively modest, and cach 
plant, as a whole, produces more oxygen than 
it uses. 





EXCRETION 


Aside from oxygen, the metabolic end 
products of plants are chiefly water and car- 
bon dioxide—the very substances that serve 
as raw materials for photosynthesis. To a 
large extent the plant utilizes its own pro- 
ducts of combustion; and there is relatively 
little excretion. The small amount of meta- 
bohically formed water may remain in the 
plant until it is utilized, or it may be passed 
off by osmosis or transpiration. 

In plants, 1t 1s difficult to define the meta- 
bolic wastes and to differentiate between ex- 
cretion and secretion. Many flowers and 
certain leaves give off sweet and fragrant 
fluids in the form of nectar, which may be 
partially excretory in nature. Some plant 
cells tend to accumulate organic acids, espe- 
cially oxalic acid, which may precipitate in 
the vacuoles as crystals of the calcium salt. 
Such crystals usually are formed in the leaves 
or bark, where disposal occurs—by the shed- 
ding of the leaves or the wearing of the 
bark. 


STORAGE PROBLEMS AMONG THE 
PLANTS 


The storage of reserve organic products is 
largely a matter of self-preservation for the 
individual plant, although if plants had not 
developed this capacity, much of the food 
that supports the animal kingdom—includ- 
ing mankind—would not be produced. The 
individual plant accumulates organic re- 
serves to tide 1t over periods when photo- 
synthesis cannot be carried on. Among seed 
plants, for example, the embryo cannot grow 
independently until the seed has sprouted 
and the new sporophyte has developed a 
functional root, stem, and leaf system. Ac- 
cordingly the parent plant deposits a reserve 
of organic substances in the seed and fre- 
quently in the surrounding fruit structures 
as well. Deciduous plants, which shed their 
leaves each season, also depend upon organic 
reserves laid down during the previous year 
in the stems or roots or both. In the spring, 
deciduous plants use these organic reserves 
for the matter and energy without which a 
growth of the new foliage could not occur. 

The most abundant organic reserve in the 
plant kingdom is starch, and the starch grains 
of different plants display many characteristic 
variations of size and form (Fig. 4-9). Given 
starch—or glucose derived from  starch— 
plants can synthesize all their growth re- 
quirements, provided inorganic salts and 
oxygen are also available. In addition to 
starch, some seeds contain fat globules and 
crystals of reserve proteins in the cells of the 
cotyledons. Reserve proteins permit the em- 
bryo to grow more extensively prior to the 
time when the roots develop a capacity to 
absorb an adequate quantity of nitrates and 
other inorganic salts. In perennial plants, 
reserve starch is deposited mainly in the 
colorless parenchyma: more or less equally 
in the stem and root; or predominantly in 
the stem, or root, depending on the species. 
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ECONOMIC IMPORTANCE OF PLANT 
PRODUCTS 


The importance of plant products, as di- 
rect sources of man’s food, and in the suste- 
nance of animals which in turn become 
man’s food, is altogether inestzmable. Plant 
seeds (corn, wheat, oats, barley, rye, rice, and 
a wide variety of nuts) and fruits (apples, 
oranges, eggplant, squash, pumpkin, etc.) 
have a world-wide cultivation and give tre- 
mendous yields. Roots (beets, carrots, par- 
snips, radishes, turnips, sweet potato, tapioca, 
etc.) and stems (sugar cane, sugar maple, 
white potato, onion, etc.), and finally leaves 
(lettuce, spinach, artichoke, cabbage, etc.) 
also provide a considerable quantity of man’s 
needs. Nloreover, leaves, especially of the 
grasses, provide the staple food of all man’s 
grazing livestock. 

Many other economic values of plant prod- 
ucts can also be enumerated: (1) lumber, for 
construction and other purposes; (2) drugs, 
such as aconite, asafetida, and valerian (from 
roots); quinine, cascara, and ephedrine (from 
stems); belladonna, cocaine, and digitalis 
(from leaves); and castor and chalmoogra 
oils (from seeds); (3) spices and flavors, such 
as horse-radish, sarsaparilla, and sassafras 
(from roots); garlic and ginger (from stems); 
sage, wintergreen, and thyme (from leaves); 
and anise, nutmeg, and mustard (from seeds); 
and (4) miscellaneous other products, such as 
latex for rubber; oils, gums, resins, and tur- 
pentine for paints, varnishes, and soaps; 
cork for stoppers; fibers for ropes and fabrics; 
and many other items. Man has been very 
prodigal in his expenditure of wild plant 
resources, especially in the ravaging of forests. 
Only in the cultivation of many selected 
plant species has man given a fair degree of 
reciprocity. Under cultivation a plant is 
assured of perpetuation, and man_ takes 
only the excess of the synthesized prod- 
ucts. 
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REST -GUESTIGONS 


How do the “holdfasts” of the algae differ in 
structure and function from the true roots of 
higher plants? 
What factors help to explain the lact that 
the algae have remained in a relatively un- 
differentiated state as compared to most ter- 
restrial plants? 
Compare the assues of the Bryophyta with 
the corresponding tissues of the vascular 
plants. To what extent do these differences 
account for the greater ‘“‘success” of the 
higher plants? Explain. 
Identify: (a) meristem tissue; (b) epidermis: 
(c) chlorenchyma; (d) storage parenchyma; 
(e) bast fibers; (1) wood fibers; (g) sieve tubes; 
(h) ducts; (1) xylem; (j) phioem. 
Specify the major nutritive organs of the 
vascular plants and explain the main func- 
tions of each. 
Differentiate between woody and herbaceous 
stems. 
A. Make labeled diagrams showing the essen- 
tial features of: 

a. the one-year-old stem of a dicotyledon- 

ous plant, as seen in cross section; 

b. a rootlet (long section); 

c. a typtcal leaf (cross section). 
B. State the function or functions of each 
labeled part. 
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Translocation in Plants, by A. S. Crafts; New 
Vor 1961 

Plant Physiology, by B. M. Duggar; New 
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Botany, hy P. 
1956. 

College Botany, rev. ed., by Harry J. Fuller 
and Oswald ‘Tippo; New York, 1954. 
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Define and discuss transpiration, emphasiz- 
ing: 

a. how it is energized 

b. its magnitude and how it is controlled 

c. its effect upon the rise of sap 

d. its relation to the leaf temperature 
Define and discuss root pressure, emphasiz- 
ing: 

a. the fundamental nature of the phe- 

nomenon 

b. how it 1s measured 

c. how it is maintained 

d. its effectiveness in clevating the sap 
Assuming that a plant has synthesized 100 
grams of glucose, about how much of this 
matter would be: 

a. oxidized to provide energy for con- 

structive metabolism 

b. transformed into starch 

c. transformed into cellulose 

d. transformed (together with inorganic 

salts) into proteins and other structural 
components of the protoplasm? 
Explain the importance of starch storage: 

a. from the plant “viewpoint” 

b. from the viewpomt of mankind 
Explain how respiration occurs in the leaves, 
stem, and roots of a seed plant. Specify two 
conditions that frequently cause an asphyxi- 
ation of roots. 
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Web=The Responses 
of Higher Plants 


THE responses of higher plants are gener- 
ally slow, subtle, and varied. Nonetheless they 
are most important to the survival of the 
species. Plant responses include not only 
growth and turgor movements (see below), 
but also flowering and fruiting responses, 
the germination of seeds and pollen, and a 
number of other less obvious responses to 
the changing conditions of the environment. 


TURGOR MOVEMENTS VS. GROWTH 
MOVEMENTS 


Among higher plants two general types of 
movement can be distinguished. Growth 
movements—such as the bending of stems 
toward light—are so slow that an hour or 
more is required to perceive a change, and 
once a growth movement has occurred, it 
usually is not reversed. Turgor movements, 
in contrast, are relatively rapid and revers- 
ible—like the drooping of leaves during a 
rainfall. Such a difference in tempo and 
reversibility indicates a difference in the 


basic mechanism of these responses. Growth 
movements, in fact, depend upon an unequal 
rate of growth in the cells on opposite sides 
of the bending part; but turgor move- 
ments are effected by osmotic changes 
occurring in specialized effector cells (see 
below). 


TURGOR MOVEMENT 


The rapid drooping of the leaves of the 
sensitive plant (Mimosa pudica) is an out- 
standing example of a turgor movement 
(Fig. 14-1). The normal position of the leaves 
of the plant is more or less horizontal; but if 
one of the leaves is touched, even lightly, all 
the leaflets begin to fold up, and within 2 or 
3 seconds the whole leaf droops to a marked 
degree. Or if a leaf is struck less gently, not 
only does the stimulated leaf fold and droop, 
but a wave of folding and drooping spreads 
from the stimulated leaf to all neighboring 
leaves (Fig. 14-1). This response of the mi- 
mosa is strictly reversible, and after about a 
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Fig. 14-1. 
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Response of the “sensitive plont,’’ Mimaso pudico: A, before being 


touched; B, five seconds ofter being touched (E. H. Runyon). 


minute, the plant slowly regains its original 
posture. 

The receptors, conductors, and effectors of 
this response of Mimosa are strictly localized. 
The excitation (p. 190) originates in the ept- 
dermal cells ol the leaf, which possess numer- 
ous tactile hairs projecting from the surface; 
and the excitation spreads, mainly along the 
sieve tubes. The excitation, as indicated by 
the action potential, follows the course of the 
vascular bundles through the petiole to the 
point where the petiole joins the stem. Here 
lies the pulvinus, a cushion of cells that 
normally supports the leaf in a horizontal 
position. When an excitation reaches the 
pulvinus, the pulvinus cells become more 
permeable, and losing turgor they relax their 
support of the leaf. Thus the pulvinus is the 
effector of the clrooping response, and the 
sieve tubes and epidermal cells, respectively, 
are the conductors and receptors. 

Specialized receptor - conductor - effector 


structures in plants are less clearly defined 
than in animals, and consequently the re- 
sponses of plants are less rapid and precise. 
The drooping of the mimosa leaf is very 
rapid compared to most other plant re- 
sponses, but even in this case the propagated 
excitation—as timed by the spread of the ac- 
tion potential—is transmitted at arate of only 
about 5 centimeters per second (compared to 
120 meters per second along the nerves of 
man). Nevertheless the basic nature of ex- 
citation and conduction appears to be similar 
in plants and animals. In both cases, the 
excitation may be blocked by narcotic agents, 
and in both plants and animals excitation 
appears to be accompanied by a bioelectric 
discharge, increased permeability of the ex- 
cited cells, and a temporary alteration of the 
local metabolism. 

Other Turgor Movements. Although the 
evidence is somewhat scanty, it seems prob- 
able that other rapid and reversible responses 


in plants are turgor movements involving 
receptor-conductor-effector structures similar 
to those of Afimosa. Accordingly, (1) the 
drooping of leaves during rainfall, (2) the 
movements by which leaves and flowers fol- 
low the course of the sun, (3) the leaf-closing 
movements by which insectivorous plants 
trap their living prey (Fig. 14-2), and (4) the 
sleep movements of many plants (Fig. 14-3) 
are all considered as typical turgor move- 
ments. 


GROWTH MOVEMENTS 


An example of growth movement is the 
bending of young stems toward a source of 
light (Fig. 14-4). Such growth movements 
proceed so slowly that about an hour is re- 
quired to appreciate the change. Growth 
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movements tend to be irreversible. The bend- 
ing depends upon a faster lengthwise growth 
of the cells on one side of the stem, and the 
convexity of the curvature always lies on the 
side of faster growth (Fig. 14-4). 

The fundamental difference between 
growth and turgor movements was not clari- 
fed until 1910, when evidence began to ac- 
cumulate proving the existence of growth 
substances, which regulate the growth of 
cells in different parts of the plant. Previ- 
ously it was known that cutting off the meri- 
stem tissue at the tip of a stem stops growth 
in the cells of the stump, where normally 
the cells continue to elongate until they be- 
come fully differentiated. The situation re- 
mained obscure, however, until about 1930. 
Then as a result of the researches of Boysen- 
Jensen, in Denmark, and Frits Went, in 





Fig. 14-2. 


Venus’s-flytrap (Dionaea), catching and digesting a fly. This move- 
ment is a turgar movement. (Copyright, General Biological Supply Hause, Inc.) 
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Fig. 14-3. 


Sleep movements in Oxolis stricta. Left, doy position of leaflets; 


right, night position of leaflets. Another example of turgor movement. 


Holland and the United States, the nature 
growth substances began to become clearer. 
The early experiments showed that replacing 
the decapitated tip of meristem tissue re- 
stores the growth of the cells of the stump. 
Moreover, Went found that this effect was 
still obtained even when a fairly thick (2 mm) 
layer of agar was interposed between the cut 
surfaces, which proved that some diffusible 
substance—rather than a wave of excitation 
—is responsible for the growth effect. 
Phytohormones, Especially the Avuxins. 
Since these early experiments, three natural 
growth substances, or auxins, have been 
identified; and a variety of synthetic prod- 








Fig. 14-4. Positive phototropism of the stem of o beon 
seedling. Successive photogrophic exposures taken at 
40-minute intervals. 


ucts have been found that exert analogous 
effects. The three natural auxins—auxin @ 
(C,,H3.0;), auxin 6 (C,,H2,0,4), and hetero- 
auxin (C,;>H,,NO.)—are all relatively simple, 
readily diffusible organic compounds, al- 
though heteroauxin has been obtained 
mainly from animal sources. All the natural 
auxins have been prepared in pure form, and 
all have been synthesized artificially. Virtu- 
ally no specificity is found in the action of 
the different compounds; that 1s, all have 
similar effects when applied to corresponding 
parts of different plants. The auxins are pro- 
duced primarily by meristem tissue in the 
growing points of the plant, whence they are 
transported to the nearby regions, where cell 
differentiation 1s occurring. The auxins exert 
various effects on the metabolism and rate of 
multiplication of plant cells (see below). But 
one outstanding function of the auxins Is to 
regulate—by accelerating or retarding—the 
lengthwise growth of individual cells in the 
growing parts of the plant. 

It is important to realize that the action of 
the auxins upon the growth of stem and root 
cells is exactly opposite: Lengthwise growth 
is accelerated in the stem but retarded in 
the root. When extra auxin is available— 
either under experimental or natural cond1- 
tions—the stem elongates with unusual ra- 
pidity, whereas the root lengthens at a re- 
duced rate. Thus if a poultice containing an 
auxin is apphed to one side of a stem, faster 





growth occurs on that side, causing the stem 
to bend away from the site of application; 
but under similar treatment, the root bends 
toward the side where the extra auxin has 
been applied. 

Tropisms. In both plants and animals the 
direction of many movements is determined 
by the direction from which the stimulus 
impinges upon the body. Stems generally 
bend toward a steady source of light, but 
roots turn away, and oppositely directly re- 
actions are obtained when gravity is the 
stimulus (Figs. 12-35 and 14-5). Regardless of 
how these responses are effected, oriented 
movements, in which the direction is deter- 
mined by the orientation of the stimulus, are 
called tropisms. 





Fig. 14-5. Negative geotropism of a bean stem; 
successive photographs made on same plate at inter- 
vals of 45 minutes. 


Movements directed toward or away from 
the source of stimulation are designated, re- 
spectively, as positive or negative tropisms. 
Accordingly, one speaks of the positive photo- 
tropism of leaves and stems, the positive 
geotropism and hydrotropism of roots, the 
negative geotropism of stems, and the nega- 
tive phototropism of roots. 

In plants most tropisms are growth move- 
ments, in which the curvature results from 
an unequal distribution of auxins to the 
sides of the growing part. For example, when 
a primary root is placed in a_ horizontal 
position (Fig. 14-6), gradually a curvature 
develops as the rootlet grows longer, and 
finally the tip turns straight downward, to- 
ward the gravitational center of the earth. In 
this response it can be proved that more 
auxin is conveyed to the cells on the lower 
side of the root, and that the curvature is 
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due to an inhibiting action of auxin upon 
the growth of the cells on this side of the 
root. Just how an unequal distribution of 
the growth substances occurs has not been 
demonstrated, but without auxin no curva- 
ture takes place. If the meristem of the grow- 
ing point is removed by decapitating the 
rootlet about 1 millimeter above the tip, the 
responsiveness of the root to gravity is abol- 
ished. 

The negative geotropism of the stem is 
also effected on a similar basis. In the case of 
the stem, however, auxin stimulates growth. 
Greater concentrations of auxin are con- 
veyed to the lower side of the stem, and 
consequently the stem bends upward rather 
than downward (Fig. 14-6). 
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Fig. 14-6. 
tropism of the root ond the negotive geotropism of 


These tropisms, both the positive geo- 


the stem, are growth movements, determined by 
auxin. Note, however, that a higher concentrotion on 
the lower side of the root retords locol growth; whereas 
the same condition in the stem accelerofes growth. 


Likewise the positive phototropism of the 
stem and the negative phototropism of the 
root are explained by the effects of light 
upon the auxin distribution in the plant. 
The growing point sends more auxin to the 
darker side of the stem or root, although 
why this occurs has not been demonstrated. 
In the stem, the stimulating effect of the 
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Fig. 14-7. Positive chemotrapism of pollen tubes, 
which are growing toward a crushed stigma (central 
dark area). 


auxin produces a curvature toward the source 
of light; whereas in the root, the inhibiting 
effect gives a bending in the opposite direc- 
tion, 

Many other tropisms also depend upon the 
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Positive hydratropism. These roots entered crocks in the droin pipes 
and stopped them up. (Courtesy af Missouri Botanicol Garden.) 


Fig. 14-8. 
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auxins. Chemotropisms, such as the growth 
of pollen tubes through the style (Fig. 14-7), 
or the growth of roots toward water (Fig. 
14-8); and thigmotropisms, such as the twin- 
ing of the tendrils of climbing plants around 
solid supporting objects—all appear to be 
typical growth movements, although these 
reactions have not been studied very mten- 
sively. However, some plant tropisms—such 
as the turning of leaves in following the 
course of the sun—appear to be turgor move- 
ments, involving receptor-conductor-effector 
structures that are generally similar to those 
of ALimosa. 

Characteristics of the Auxins. In distinct 
contrast to the hormones of higher animals 
(Chap. 
high degree of specificity. Under proper con- 
in Tact, very similar effects are ob- 
served when one auxin is substituted for an- 
other. Each single compound, on the other 
hand, displays a surprising versatility of 
actton when apphed i different concentra- 
tions and to different parts of the same plant. 
In the stem, for example, the same concen- 
tration of an auxin may stimulate growth m 
the cells directly behind the main terminal 
bud, but imbhibit the development of the 


22), the auxins do not display a very 


ditions, 
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nearby lateral buds. Or a low concentration 
of an auxin may merely accelerate the elon- 
gation of the cells of a growing stem, whereas 
a higher concentration stimulates cell mul- 
tiplication and leads to the putting forth of 
roots from the stimulated section of the stem. 
As yet, no precise information is available in 
regard to how the auxins produce their ac- 
tion. A promising hypotheses is, however, that 
auxins exert their influence through certain 
metabolic enzymes—which would account for 
the fact that a very minute quantity of each 
compound suffices to give a very large effect. 

Other Phytohormones. Gibberellic acid 
(Cy9H2.0,) and several other closely related 
compounds constitute another very interest- 
ing group of plant hormones. These, collec- 
tively, are designated as the gibberellins. ‘The 
gibberellins began to be recognized by Japa- 
nese workers as early as 1926. ‘These workers 
studied a disease of rice, called the “foolish 
seedling clisease,”’ so named because it causes 
young rice plants to grow too rapidly and to 
assume grotesquely tall, abnormal forms. ‘The 
disease is caused by a fungus (Gibberella 
fujtkuor) infection. This fungus, in fact, pro- 
vides a source from which several active 
compounds have been extracted and iden- 
tified. 

The gibberellins not only stimulate very 
rapid growth in young stems, but they also 
induce the development of flowers in a num- 
ber of plants, even when normal flower-in- 
ducing stimuli (p. 266) are withheld. It seems 
likely, therefore, that further study will show 
that gibberellins may play an important and 
interesting role in plant development and 
physiology. 

Some other substances that appear to be 
important as plant hormones are: (1) diphen- 
ylurea and other factors extractible from 
coconut milk; and (2) kinetin, and other 
adenine derivatives, which have been ex- 
tracted from yeasts and other plant materials. 
The coconut milk factors stimulate cell 
growth and cell division in many plant 
embryos. Kinetin, on the other hand, appears 
to influence bud development. Plant shoots, 
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grown in culture medium, respond by put- 
ting forth more and more roots as kinetin 1s 
replaced by auxin. 

Plant Inhibitors. A relatively recent field 
in plant physiology was opened up by the 
discovery of certain very potent inhibiting 
substances. These provide a system of checks 
and balances in the operation of the phyto- 
hormone system. Particularly promising in 
this regard is a group of unsaturated lactone 
compounds, for example, coumarin and 
parascorbic acid. Root growth, seed germina- 
tion, and flora] development have all proved 
susceptible to inhibition by one or another 
of these substances. In fact, a fuller under- 
standing of the mode of action of plant hor- 
mones probably will involve further knowl- 
edge about inhibitors. 

Photoperiodism and Other Responses to 
Light. A currently active field ol research 
deals with the triggering of plant responses 
by seasonal changes in their exposure alter- 
nately to daylight and darkness. The flower- 
ing response has been studied most inten- 
sively. However, considerable attention has 
also been given to the germination of seeds 
and to early embryonic growth. 

The regularity with which various plants 
produce their flowers on a_ well-regulated 
seasonal schedule ts familiar to everyone. 
However, only recently, starting in 1920 
with the work of Garner and Allard of the 
U.S. Department of Agriculture, has it been 
realized that this nicely timed schedule of 
flowering 1s governed, in a majority of cases, 
by seasonal changes in the length of the 
nights and days. 

This work has made it possible to classify 
flowering plants in three categories: (1) short- 
day species, such as asters, chrysanthemums, 
and soybeans, which normally bloom at a 
specific time in the late summer or fall, when 
the nights are growing longer; (2) long-day 
species, such as clover, beets, and delphinium, 
which bloom in spring or early summer, 
when the period of darkness is growing 
shorter; and (3) indeterminate species, such 
as carnations, dandelions, and tomatoes, 
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which are relatively insensitive to dark-hght 
alternations, but are sensitive to other sea- 
sonal changes, particularly temperature. 

The “expermuental evidence upon syhich 
this: classification 1s used’ is very extensive. 
Here it will be sampled only sparsely, with 
mere mention of a few pioneer workers, 
neunely, |. As -D Leeyaire. james Donner, 
and H. A. Borthwick. 

If a short-day plant, grown under expert- 
mentally controlled lighting conditions, is 
exposed to less chan a certain span of dark- 
ness (usually about 12 hours), 1 will not pro- 
duce any floral buds. If, on the other hand, it 
is exposed to three or four long nights, it 
will muitiate flowering, provided the dark 
periods are not interrupted. Even a very brief 
exposure to light, interrupting the dark 
period for only 2 to 3 minutes, suffices to 
abolish the flowering reaction. The leaves, 
ApPaArenitl\; Selves atswtMeesite Ob unduEtion, 
since only the leaves—in some cases only a 
single leaf—need be exposed to the appro- 
priate period of darkness. Long-day species, 
on the other hand, display an opposite be- 
havior. To flower, these plants must be pro- 
vided with a relatively short night, and the 
flowering tendency ts damped off 1f the dark 
period is interrupted by just a few minutes 
of exposure to light. 

An analysis of the wavelength of light util- 
ized in these experiments led to the conclu- 
sion that certain wavelengths are critical. 
Red light of 660 mp wavelength was most 
effective in damping off the flowering reac- 
tion when used to interrupt the periods of 
darkness. Moreover, it was found that infra- 
red light, of wavelength 730 my, was exceed- 
ingly effective in canceling out the effects of 
a previous illumination with red (660 my) 
light. 

Wavelength studies also indicate that a 
receptor pigment, with an absorption maxt- 
mum in the red range (660 my), Is Important 
and that a reversible photochemical reaction 
serves as a trigger lor the photoperiodic re- 
sponses. Recently, this pigment has been 
identified and named phytochrome, although 


it has not yet been obtained in fully purified 
form. Phytochrome is a photosensitive pro- 
tein compound. It can be shifted back and 
forth between two forms, phytochrome 660 
(Peso) and phytochrome 730 (P7309), according 
to the wavelength of the light to which it 1s 
exposed. Exposure to red Inght shifts it from 
Puso to P39: whereas exposure to infrared 
has the opposite effect. The physiologically 
active form appears to be phytochrome 730. 
The concentration of this form, maintained 
throughout a critical period, serves as a 
trigger for the various photosensitive re- 
sponses of the plant. At the end of a day, 
all the phytochrome of the leaves has been 
converted to the P73, form; but gradually 
during the darkness P74 reverts spontane- 
ously to Pyg. Whether or not a response is 
triggered depends, apparently, upon how 
much of and how long the active (P73,) form 
of phytochrome is present at the site of 
stimulation, 

Although many unresolved areas remain 
in our understanding of photoperiodic phe- 
nomena, one current working hypothesis may 
be presented as follows: 


Phytochrome 660 
Spontaneous reversal Red component of 
in dark. white light. 
Photochemical reversal} | Photochemical 
byanirared. | reaction. 
Phytochrome 730 
Active form; stimulates in long-day plants; 
inhibits in short-day species. 


Precisely how the flowering stimulus is 
transmitted from the leaves, where the photo- 
chemical timing device is localized, to the 
growing points of the stem, where the floral 
buds are formed, is still not known. Un- 
doubtedly one or more substances, perhaps 
hormones of the gibberellin type, are liber- 
ated when the photochemical mechanism is 
tripped, and these substances are conveyed 
by the vascular elements from the leaves to 
the buds. In any event, flower induction can 
be observed in a plant that has not received 


any inducing treatment, when leaves from a 
plant that has received such treatment are 
transplanted to it. Moreover, the spreading 
of induction follows along the sieve tube ele- 
ments of the phloem. 

The phytochrome system is important not 
only in relation to the photoperiodic re- 
sponses of the plant, but also in relation to 
other responses. Certain seeds, for example, 
will not germinate unless first exposed to 
light, particularly red light, and this light- 
induced activation can be abolished by a 
subsequent illumination with infrared light. 
Moreover, red-infrared reversals of growth 
rate and curvature in developing plant 
embryos have been observed. It seems prob- 
able, therefore, that the phytochrome system 
triggers most of the photic responses of 
plants, including positive and negative pho- 
totropic growth movements. 

Practical Importance of Auxins and Other 
Growth Substances. Auxins are now being 
used to initiate the development of roots in 
plants and now many commercially valuable 
plants are being grown from auxin-treated 
cuttings. Promising results are also being 
obtained in other directions. Auxins are used 
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to foster the “taking” of grafts, and auxin- 
treated seeds (in certain species) germinate 
more successfully than untweated ones. With 
sugar beets, for example, the yield has been 
increased by about 60 percent, although thus 
effect is probably due to a stimulation of the 
growth of the seedlings rather than to a 
direct action on germination. Auxins may 
also prove to be important in the develop- 
ment of fruits. In most species, the [ruit fails 
to develop properly unless pollination has 
occurred; but in the tomato at least, the ap- 
plication of auxins has yielded well-developed 
seedless fruits from unpollinated flowers. 

Another economically important use of 
auxin preparations is to prevent the prema- 
ture dropping of fruit 1n apple and pear 
orchards; and more recently, a new synthetic 
auxinlike compound (2,4-dichlorophenoxy- 
acetic acid, or 2,4-D) has been employed 
quite widely as a “weed killer” on lawns and 
golf courses. In proper concentrations, appar- 
ently, 2,4-D has litle effect upon the grasses, 
but it exerts a lethal action on broad-leaved 
plants (for example dandelions) by over- 
stimulating oxidative metabolism in leaves 
contacted by the spray. 


TEST QUESTIONS 


]. Explain two essential differences between 
growth movements and turgor movements. 

2. Analyze the mechanical response of the senst- 
tive plant in terms of the receptors, conduc- 
tors, and effectors of the system. Why is this 
movement called a turgor movement? 

3. Describe and explain the experiments that 
first demonstrated the existence of a growth 
substance, or auxin. 

4. How do roots and stems differ in regard to 
their responses to the auxins? 

5. A. What is a tropism? 

B. Describe precisely how the behavior of 
auxin helps to explain: (a) the positive pho- 
totropisms of stems; (b) the negative photo- 
tropisms of roots; (c) the positive geotropisms 
of roots; (d) the negative geotropisms of 
stems; (e) other tropisms. 


6. Specify four practical uses of auxins and re- 
lated compounds. In each case explain the 
basic action. 

7. Identify and briefly discuss: (a) gibberellins; 
(b) coconut milk factors; (c) kinetin; (d) un- 
saturated lactones. 

8. Define the terms: (a) photoperiodism; (b) 
short-day plants; (c) indeterminate plants. 

9. Summarize the evidence that indicates that 
photoperiodism is controlled by a reversible 
photochemical reaction. 

10. Identify phytochromes P660 and P730. 

]]. Explain how the phytochromes are affected 
by: (a) white light: (b) red light; (c) infrared 
light; (d) darkness. 

12. Explain how short-day and long-day plants 
differ in relation to the operation of the 
phytochrome system. 


268 - Multicellular Plants 


FURTHER READINGS 


Phytohormones, by F. W. Went and k. V. 
Vhimunn:; New York, 1937. 

“On Growth-accelerating Substances in the 
Coleoptile of vena sativa,” by F. W. Went; 
in Great Experonenits in Biology, ed by M. 
Gabriel and S. Fogel; Englewood Clifls, N. J., 
[S55 

The Living Plant, by Peter M. Ray; New 
York, 1963. 


3. 


“Plant Photoperiods,” by H. A. Borthwick; 
Chapter 9 in Frontiers of Modern Biology, 
G. B. Moment, coordinator; Boston, Mass., 
1963. 

“Plant Growth Substances,’ by F. B. Salis- 
bury: in Screntific American, November 1960. 
‘Physiology of Plowerineg, by JA. Dy Zee: 
Vaal; im Saence, september 7, 1962. 


PART Wl-Madltecellular Animals, 
Especially Man 


15=Embryonic Development; 
Differentiation of the Tissues 


AT CONCEPTION, each animal, whether 
starfish, frog, or man, begins life as a single 
cell. The fertilized egg, or zygote, soon 
divides, however, and it continues to divide, 
forming the many cells of the developing 
embryo. The cells become arranged and dif- 
ferentiated according to a precise and intri- 
cate pattern in each particular species; and 
a study of these beautifully integrated pro- 
cesses constitutes a fascinating area in biol- 
ogy. The events of embryonic development 
sometimes can be observed under the micro- 
scope, because the embryos of many marine 
animals are small and transparent. A fertil- 
ized egg placed in a drop of sea water on a 
microscopic slide continues to cleave. One 
can watch as the cells become regimented 
and differentiated in the various developing 
organs and tissues. 

First to be considered here are the morpho- 
logical aspects of development, which con- 
stitute descriptive embryology. In Chapter 
27, an analysis of some of the problems of 
experimental embryology will be under- 
taken. 


Each parent contributes just one haploid 
cell, or gamete, to the constitution of the 
zygote and embryo. Also, in a vast majority 
of cases, the female gamete is quite different 
from the male. Each has specialized functions 
and each has developed a specialized form 
(p. 59). 

The Egg Cell, or Ovum. Typically the egg 
is a large, nonmotile, haploid cell. The size, 
however, varies greatly depending upon how 
much yolk material is present. Eggs may be 
classified, in fact, on the basis of amount and 
distribution of this material (Fig. 15-1). 
Essentially the yolk represents a stored re- 
serve of organic matter. ‘This is utilized dur- 
ing the very active processes of embryonic 
development. 

The haploidy, of course, results from the 
formation of the polar bodies (Figs. 15-2 and 
26-3). These meiotic divisions provide for 
the selection of a full haploid set of chromo- 
somes for transmission to the incipient new 
generation, without sacrificing much of the 
organic reserves that have been built up by 
the maturing odcyte (p. 53). At the same 
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Fig. 15-1. Types of egg cells: A, homolecithol egg; B, telolecithal egg; C, centrolecithal 
egg (of an insect). 
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Fig. 15-2. Fertilization and early development of a homolecithal egg (starfish). 





Embryonic Development; Differentiation of Tissues - 273 


AXIAL FILAMENT 






SHEATH QF TAIL 


ACROSOME 
NUCLEUS 


CENTRIOLE 
MITOCHONDRIA 








TAIL 


Fig.15-3. 


cell. 


time, the locus of polar body formation con- 
stitutes an important determinant of future 
development. The egg is a polarized cell. One 
pole, designated as the animal pole, is 
marked by the point of appearance of the 
polar boclies, while the other, called the 
vegetal pole, lies at dead center in the oppo- 
site hemisphere of the egg (see p. 277). Thus 
an anterior-posterior axis of development is 
provided along the line that extends from 
pole to pole—even before the egg cell has 
been fertilized. 

‘The outermost membrane of the unfertil- 
ized egg, a specialized sort of pellicle, is 
called the vitelline membrane (Fig. 15-1). 
Upon activation (p. 274) this membrane be- 
comes lilted away from the cytoplasmic sur- 
face of the egg, giving rise to what now is 
called the fertilization membrane (Fig. 15-2). 

The Sperm Cell. Typically the sperm is an 
extremely small, highly motile, haploid cell. 
It consists of three differentiated parts, 
namely, head, middle piece, and tail (Fig. 
15-3). 


MIDDLE HEAD 


SECTION 


Typically the sperm, or male gamete, is a highly specialized, exceedingly motile, haploid 


Perhaps the most essential feature of the 
head is the highly condensed haploid nu- 
cleus. Each of the many primary spermato- 
cytes produced in a testis gives rise to four 
sperm, as a result of the meiotic divisions. A 
haploid set of chromosomes, brought into the 
egg by a sperm, participates in the formation 
of the zygote nucleus (Fig. 15-4), and this con- 
stitutes the essence of fertilization. 

At the tip of the head of a sperm, at least 
In many cases, 1s a highly specialized struc- 
ture, called the acrosome (Fig. 15-3). For 
some years it was thought that the acrosome 
facilitates penetration of the sperm into the 
egg, but evidence was lacking until recently. 
Now, however, the work of Dan and Wada 
in Japan and Colwin and Colwin in the 
United States has demonstrated that the 
acrosome has two functions. First, it cis- 
charges an exceedingly fine thread, the acro- 
some filament. This maintains a connection 
between the sperm head and the surface 
of the egg. ‘Then an amoeboid protrusion 
from the egg surface, the fertilization cone, 





Fig. 15-4. 


Fertilization and cleavage of the egg of a roundworm (Ascaris). A, fertilization proper: the egg and 


the sperm nuclei are fusing to form the diploid zygote nucleus, which (in this case) bears twa chramosomes from 
the female parent and two fram the mole parent. B, early anaphase, first cleavoge. C, telophase, first cleavage. 
D, polar view af the melophase af the first division, showing the lwo poirs of chromosomes of the zygote. (Photo 
D, slightly retouched. Copyright, Generol Biological Supply House, Inc.) 
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Entry of sperm into on egg (Holothuria atra). Note pseudopadial activity at apex of cane, by 


which the acrasome filament and ather parts af sperm appear to be engulfed. (Diagram bosed on observa- 
tions af Calwin and Calwin, Queens Callege, New York.) 


engulfs both filament and sperm (Fig. 15-5). 
And second, the acrosome secretes an en- 
zyme. This digests part of the surlace mem- 
brane and makes a tiny hole fer entrance of 
the sperm. 

The middle piece of the sperm is also im- 
portant. It curries a pair of centrioles (p. 
45), which act as division centers in the 
cleavage divisions, and it also contains a 
neatly packaged group of mitochondria that 
participate in the metabolism of the develop- 
ing egg. 

The movements of the sperm are eftected, 
of course, by the tail. This 1s a typical flagel- 
lum. The axial filament (Fig. 15-3) displays 
the same pattern of fibrillar structure (10 
pairs: ] central and 9 in a peripheral circle) 
as is seen in electronmicrographs ol cross 
sections of other flagella and cilia (Fig. 
11-8). 

Insemination. Most aquatic animals dis- 
charge their eggs and sperm into the sur- 
rounding water, and the gametes come to- 
gether more or less by chance. Such animals 
produce thousands or even millions of eggs 
and many times as many sperm. The sperm 
are usually discharged in the general vicinity 
of where the eggs are laid, and the tremen- 
dous number of sperm assures the fertiliza- 
tion of a high percentage of the eggs. Aqua- 


tic embryos, developing in an unprotected 
environment, are exposed to many hazards, 
so that only a small proportion of the off- 
spring are likely to reach maturity. 

Most terrestrial animals discharge sperm 
directly into the reproductive tract of the 
female, during copulation. In such cases, the 
number of eggs is sharply reduced, although 
uunulitude ofesperm 4s still the rule: Phe 
sperm are extremely small and fragile cells, 
and even when fertilization occurs within 
the relatively narrow linuts ol the female: re: 
productive tract, the distance traveled by a 
sperm is very great in terms of its own size. 
Consequently, many sperm are required if a 
lew are to succeed in reaching the eggs. 

Activation vs. Fertilization. Contact of a 
sperm with an egg of the same species stimu- 
lates the egg to respond almost instantane- 
ously. Upon such activation, the cytoplasm 
forms a fertilization cone, from which pseu- 
dopia reach out along the acrosome filament, 
engulfing the relatively passive sperm. Some- 
times, however, the sperm continues lashing 
its flagellum until the penetration is com- 
plete. Simultaneously the vitelline mem- 
brane lifts off from the egg cytoplasm, form- 
ing the fertilization membrane (Fig. 15-6). 
In most species the fertilization membrane 
persists, enveloping and protecting the em- 
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Diagram of fertilizotion. 1, contact of sperm with surfoce of egg. 2, respanse of the egg: formatian of 


the fertilization cone, which engulfs the sperm, and of the fertilization membrone. 3, sperm head drawn into the 
egg; appearance of aster. 4, 5, enlargement of sperm nucleus ond appraach af the twa gamete nuclei; appear- 
ance of the haploid number of chromosomes (here three) in eoch gamete nucleus. 6, union of the two gamete 
nuclei. 7-9, first division of the zygote nucleus; each daughter nucleus receiving a replica of each chromosome 


present in the zygote nucleus. 


bryo while further development proceeds 
(Fig. 11-10). 

Usually, only the head and middle piece 
of the sperm enter the egg; and even when 
the whole sperm becomes engulfed, the flag- 
ellum soon disintegrates. The sperm head 
consists mainly of nucleus, and from this 
nucleus half the chromosomes in all of the 
cells of the new individual will be derived. 

The sperm nucleus swells gradually as it 
moves toward the center of the egg where it 
is to join the egg nucleus (Fig. 15-6). Simul- 


taneously a large single aster forms in the 
surrounding cytoplasm; and the aster appears 
to be concerned with bringing the gamete 
nuclei together. Finally the gamete nuclei 
fuse to form the zygote nucleus. This event, 
strictly speaking, is fertilization. At this stage, 
the chromosomes of both nuclei are individ- 
ually visible (Figs. 15-4D and 15-6); and it 
is entirely certain that the chromosomes of 
the diploid zygote represent a combination 
of the chromosomes of the haploid gametes. 
Half the chromosomes of the zygote are de- 
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rived from the paternal parent, and half 
from the maternal parent. 

Shortly after the zygote nucleus is formed, 
the egg begins a long series of divisions, 
giving rise to the many cells of the embryo 
and adult of the next generation (Fig. 15-2). 
AH] these divisions are mitotic, and conse- 
quently every cell of the embryo and adult 
receives a diploid set of chromosomes equally 
derived [rom the two parents. 

Parthenogenesis. Having contacted an 
ege, the sperm performs two other [unctions: 
(1) it contributes its chromosomes to the 
sygote nucleus, and (2) it activates the de- 
velopment of the egg. These two Tunctions 
are separable, to some extent, as is demon- 
strated by the fact that if a sperm is removed 
just alter it has made contact with an egg, 
lertilization proper cannot occur. Neverthe- 
less such an egg may develop, at least par- 
Hs even in the wpsence: ol thes paternal! 
chromosomes. The contact of the sperm ini- 
tlates a visible reaction that sweeps over 
the surlace of the egg. This activation reac- 
tion involves the discharge ol a bivelectric 
current, which precedes the lilting of the 
fertilization membrane. As a result of uctiva- 
tion, the egg becomes nonreceptive to other 
sperm; and the metabolism of the egg is 
changed and accelerated. In due time the 
activated unfertilized egg begins to divide; 
in some cases it may continue development, 
forming an embryo, or even an adult—al- 
though such individuals are not entirely 
normal in appearance and vitality. 

Activation represents the normal response 
of a ripe egg to sumulation. In fact, a variety 
of stimuli are now known that can substi- 
tute for the contacting sperm. Some eggs can 
be activated by mechanical pricking, or by 
drastic temperature changes, or by chemicals, 
or by sudden changes of the osmotic condi- 
tions in the surrounding medium. Appar- 
ently the unfertilized egg is all “set” and 
ready to develop. Normally, the stunulus for 
starting development is provided by the 
sperm that first succeeds in contacting the 
ege surface; but a variety of other strong 


stimuli may inadvertently “jolt the mechan- 
ism”’ into activity. 

The development of an egg, in the ab- 
sence of lertilization, is called parthenogene- 
sis. Parthenogenesis may be artificial—that is, 
induced experimentally; or it may be natural, 
in that it occurs normally in the reproduc- 
tion of some species. An organism produced 
by artificial parthenogenesis is haploid, at 
least in the sense that it lacks paternal 
chromosomes. Moreover, the development 
of such organisms tends to be abortive. A 
few animals (for example, lrogs) have been 
reared into adults by careful nursing; but 
such adults are small and delicate, and they 
are never able to reproduce. 

Natural parthenogenesis is regularly en- 
countered in certain worms, insects, and 
crustaceans; they may be either haplord or 
diplord in nature. Haploid parthenogenesis 
is common to the ants, bees, and wasps (p. 
659). The unfertilized eggs of these animals 
always develop into males, which, being 
haploid, produce sperm, not in the usual 
fashion, but by mitosis. The fertilized eggs 
of these species always develop into females, 
und these diploid females finally produce 
haploid eggs by meiosis, as in other animals. 

Diploid parthenogenesis is exemplified by 
the aphids, or plant lice. Commonly the fe- 
male aphid produces diploid reproductive 
cells by mitosis. These diploid cells are called 
parthenogonidia, rather than eggs. During 
the spring and summer months, the parthe- 
nogonidia clevelop into other parthenoge- 
netic females; and in this way a number of 
asexual generations may be produced. In the 
fall, however, the parthenogonidia develop 
into males and sexual females; and these 
forms of the organism produce haploid 
gametes, by meiosis, in the usual fashion. 
Further development cannot occur until fer- 
tilization takes place. If aphids are raised 
in a greenhouse, under uniform conditions 
throughout the year, the sexual generation 
Miayeneyer appews ail, ti icertam species, 
males are unknown even under natural con- 


ditions. Thus parthenogenesis, although 
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technically an asexual process, bears a very 
close relationship to the sexual modes of 
reproduction. 


DEVELOPMENT—THE EMBRYONIC PERIOD 


During development, the fertilized egg un- 
dergoes many changes. The original cell 
multiplies, and the many resulting cells ar- 
range themselves and undergo differentia- 
tion—forming the tissues and organs of the 
growing body. Collectively these complex 
transformations make up development. Until 
the time of hatching, or birth—that is, until 
the offspring emerges from the egg or 
from the uterus—the developing individual 
is called an embryo. In detail, embryonic 
development varies widely in different spe- 
cies; but certain broad fundamental resem- 
blances can be observed in the early develop- 
ment of practically all multicellular animals. 

Cleavage—Formation of the  Blastula. 
Soon after fertilization the zygote divides by 
repeated mitosis, forming a group of smaller 
cells. These early divisions, which lead to 
the formation of a multicellular embryo, are 
referred to collectively as cleavage. 

Homolecithal eggs (Fig. 15-1 A), which dis- 
play a homogeneous cytoplasm and relatively 
little yolk, nevertheless possess a distinct 
polarity. The animal pole is marked by the 
point where the polar bodies were formed 
(Fig. 15-2); and the opposite pole is referred 
to as the vegetal pole. The first and second 
cleavages pass through the poles, giving rise 
to a four-celled embryo (Fig. 15-2). The third 
cleavage passes at right angles to the first two, 





HOMOLECITHAL MODERATELY 
TYPE TELOLECITHAL 
Fig. 15-7. 


15-1. 


at or near the equator, and now the embryo 
consists of eight fairly equal-sized cells—four 
in the animal hemisphere and four in the 
vegetal hemisphere. The further cleavages 
are usually synchronous so that the number 
of cells increases in geometrical progression 
—8, 16, 32, 61, etc. When several hundred 
cells are formed, the embryo typically has the 
form of a hollow sphere. This ts the blastula 
stage; and the cavity within the blastula 1s 
called the blastocoel (Fig. 15-7). 

Telolecithal eggs (Fig. 15-1B) have an 
abundance of yolk, especially in the vegetal 
hemisphere, and the cleavage divisions of 
the telolecithal egg are not equal. The first 
horizontal cleavage passes above the equator; 
consequently, the cells in the animal hemis- 
phere are distinctly smaller than those in the 
vegetal region. The lower cells contain a 
larger amount of yolk and divide less rapidly 
than the upper cells. Accordingly, when the 
blastula is formed, the cells in the vegetal 
hemisphere are larger and Jess numerous 
(Fig. 15-7). Also the blastocoel is small and 
lies eccentrically, nearer the animal pole 
(Fig. 15-7). In very heavily yolked eggs, such 
as the eggs of birds and reptiles, the vegetal 
cytoplasm may not cleave at all; and in such 
cases the blastula consists of a small! disc of 
cells, roofing over a narrow blastocoel, in the 
region of the animal pole (Fig. 15-7). 

Gastrulation—Formation of Endoderm. A 
few simple colonial organisms do not pro- 
gress beyond the blastula stage. In Polvox, 
for example, the adult colony consists merely 
of a hollow sphere of cells, among which 
very little differentiation has occurred. 
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But a higher animals, as cleavage con- 
tinues, the cells in the vegetal region appear 
to be crowded inward, so that they encroach 
upon the blastocoel (Fig. 15-2). This in- 
pocketing, or invagination, continues until 
a tubular pouch, the archenteron, is formed 
(Pigs5-2).. he archenteronu is the enibry- 
onic forerunner of the digestive tract. ‘The 
cells forming the wall of the archenteron are 
specified as the endoderm; and the cells re- 
maining at the surface of the enbryo are 
called the ectoderm. Such a two-layered em- 
bryo ts a gastrula; and the orifice leading 
into the archenteron is the blastopore. 

In heavily yolked eggs gastrulation 1s mod- 
fied considerably (Fig. 15-8.\.B); but it is 
ihways possible to recognize a gastrula. This 
two-layered embryo saccular 
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archenteron, which communicates with the 
exterior through a blastopore. 

The Mesoderm and the Coelom. Very 
primitive animals, such as Hydra and other 
Coelenterata (p. 630), do not progress fur- 
ther than the gastrula stage. The adult body 
of such animals is two-layered, consisting en- 
urely of ectoderm and endoderm. In all 
higher animals. however. a third layer of 
cells, the mesoderm, 1s formec! between the 
ectoderm and endoderm. These three em- 
bryonic layers—the ectoderm, endoderm, and 
mesoderm celled the primary germ 
layers of the embryo. The ectoderm is des- 
tined to give rise to all epithelial layers on 
the external surface of the body. and also 
to the sensory and nervous tissues of the ant 
mal. The endoderm provides a glandular 
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Fig. 15-8. Amphibian embryos, shaw- 
ing develapment af typical vertebrate 
structures. A, median langitudinal sec- 
tion af early gastrula; B, similar sectian 
af late gastrula; C, crass sectian af same 
stage; D, darsal view af slightly later 
stage, shawing neural folds; E, crass sec- 
tian af same stage; F, similar sectian of 
later stage; G, median langitudinal sec- 
tian af embryo after clasing of neural 
tube; H, crass sectian af the same stage; 
|, langitudinal] sectian af embryo at time 
af hatching; J, crass sectian of same 
stage. ec, ectaderm; en, endoderm; y, 
yalk cells; b, blastacael; e, archenteran; 
m, mesaderm; dl, darsal ‘ip of blasto- 
pare; vl, ventral lip af blastapore; yp, 
yalk plug; n, natachard; nf, neural fold; 
nc, neural crest (which develaps inta 
sensary ganglia); ¢, caelam; nt, neural 
tube; bp, blastapare; a, anus; r. rectum; 
|, liver; k, embryonic kidney tubule; br, 
brain; sp, spinal card; t, tail; h, heart; 
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lining throughout the digestive tract and all 
of its branches, and the mesoderm give rise 
to all other body structures—such as the 
muscle, bone, and connective tissues of the 
animal. Animals possessing only ectoderm 
and endoderm are said to be diploblastic, 
whereas those having all three germ layers 
are said to be triploblastic. 

The mesoderm arises differently in difter- 
ent embryos. In the earthworm and many 
other invertebrates, the mesoderm derives 
chiefly from a pair of large cells, the pole 
cells, which are pushed into the blastocoel 
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Development in the earthworm. Figures on the left represent horizonial 


at or about the time of gastrulation (Fig. 15- 
9). These mesoderm cells multiply rapidly, 
forming two strands of tissue that crowd 
forward on either side of the archenteron, 
between the ectoderm and the endoderm 
(Fig. 15-9). As the mesoderm proliferates, it 
tends to fill and obliterate the blastocoel, en- 
crouching above and below the archenteron 
(Figs 15-9). Then-a-new=-cavity <clevelops in 
the mesoderm itself; anc this coelom, or body 
cavity, 1s found in all higher animals. The 
coelom enlarges and encircles the archenteron 
completely, separating the mesoderm into 
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longitudinal sections, those on the right cross sections through the points indicated by 


the dotted lines. 
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iwodistinet layers (Pig. 15-9). The outer 
layer, or somatic mesoderm, together with 
the ectoderm around it, becomes the body 
wall of the adult; and the inner layer, or 
visceral mesoderm, together with the endo- 
derm, becomes the gut wall of the adult. 

AH triploblastic animals except the flat- 
worms possess a coelom, although the coelom 
does not always rise in the same manner. 
The coelom surrounds the digestive tract 
and separates it from the body wall. This 
arrangement perniuts the digestive tract to 
move freely—independently of the move- 
ment olf the body as a whole. Generally the 
archenteron continues to invaginate, until it 
establishes communication with the exterior 
at the opposite end of the embryo. In this 
way the digestive tract becomes a tubular 
passage, leading from the mouth to the anus. 
Accordingly, the body structure of most 
higher anrmals can be described as that of 
a “tube within a tube.” The inner tube, 
which is the enteron, or digestive tract, is 
separated [rom the outer tube, or body wall, 
by the coelom, which extends throughout 
most of the length of the body. 

In many invertebrates, such as starfish and 
other Echinodermata (p. 660), the mesoderni 
and coelom arise from a pair of hollow 
evaginations, the enterocoelic pouches (Fig. 
15-2). These outpocketings pinch off from 
the archenteron and grow larger until they 
obhterate the blastococl. Meanwhile the 
cavity of each pouch encircles the enteron, 
forming the definitive coelom. 

A similar method ol mesoderm formation 
is also found in dAmphionus (p. 665) and 
some other primitive Chordata (p. 66-4); but 
the mesoderm arises in a different way, im 
embryos of true vertebrates. Jn the frog, for 
example, most of the mesoderm 1s formed by 
a proliferation of the cells ol the rim of the 
blastopore—that 1s, at the junction between 
the ectoderm and endoderm (Fig. 15-8B,C). 
However, some niesoderm seems to bud off 
from the ‘sides of the archenteron: 

Regardless of origin, the mesoderm grows, 
crowding forward in the embryo and msinu- 


auung itself between the ectoderm and endo- 
derm along both sides of the archenteron. 
Then the coelomic cavity appears (Fig. 15- 
8E) and enlarges (Fig. 15-8F), finally en- 
circling (Fig. 15-8H) the enteron, except in 
the mid-dorsal region. Thus the coelom 
comes to separate the visceral and somatic 
layers of the mesoderm; and the body wall 
becomes differentiated from the gut wall. In 
the dorsal region, however, the opposite parts 
of the developing coelom fail to meet each 
other above the enteron, although ventrally 
the coelom completely encircles the gut (Fig. 
15-8]). Owing to this failure of the coelom 
to encircle the gut in the dorsal region of 
the vertebrate embryo, the gut wall remains 
in continuity with the body wall—by way of 
a sheetlike connection of mesoderm tissue 
(Fig. 15-8]). This connecting sheet of meso- 
derm becomes the mesentery, which suspends 
the digestive tract in the coelomic cavity of 
the adult. Also the mesentery provides a 
connection through which nerves and blood 
vessels puss between the body wall and the 
gut wall, which otherwise are isolated 
throughout the length ol the body. 


FURTHER DEVELOPMENT— 
VERTEBRATE ANIMALS 


All vertebrates (fish, amphibians, reptiles, 
birds, and mammials) resemble each other as 
to many characteristics of development and 
structure (p. 668); but three vertebrate char- 
acteristics are of primary importance. All 
vertebrates possess: (1) a segmented vertebral 
column (also called the “backbone"); (2) a 
dorsally placed tubular nervous system (that 
is, a tubular brain and spinal cord that are 
enveloped by the vertebral column); and (3) 
gill clefts (several, usually five, pairs of slit- 
like channels, leading from the digestive tract 
to the exterior, in the region of the pharynx). 

Among the fish, the gill arches bear func- 
tional gills, which serve as respiratory organs. 
But in higher vertebrates, including man, 
the gill clefts appear only transiently during 
embryonic development—although modified 
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remnants of the gill slits persist in the adult 
body (p. 283). 

Despite the large number of species, the 
Vertebrata are classified as a subphylum in 
the phylum Chordata (p. 664). In addition to 
the vertebrates, the phylum Chordata in- 
cludes a number of less familiar animals, 
which possess gill clefts and a dorsal hollow 
nerve cord, but no true vertebral column. In 
place of a vertebral column, primitive chor- 
dates possess an unsegmented flexible rod- 
like supporting structure, the notochord, 
which occupies an equivalent position in the 
body (Fig. 15-10). Vertebrate animals develop 
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neural groove (Fig. 15-11, A,B), which runs 
lengthwise of the embryo and is broader at 
the anterior end (Fig. 15-8D). The neural 
groove is bounded laterally by the neural 
folds, which rise slightly from the surface ol 
the embryo. Posteriorly the neural folds en- 
circle the blastopore (Fig. 15-8D), which is 
called the yolk plug because it 1s blocked by 
yolk cells. 

As development proceeds, the neural 
groove sinks below the surface of the embryo, 
and the neural folds come together along 
the mid-dorsal line (Fig. 15-11B,C). This in- 
vagination forms the neural tube, which will 
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Fig. 15-10. Amphioxus, a primitive chordate, sectioned longitudinally. Note 
especially: 1, the notochord; 2, the dorsal nervous system (brain and spinal 
cord; and 3, the gill slits. This animol connot be classed as o vertebrate since 
it lacks a segmented vertebrol column. 


a notochord, but only transiently, during the 
embryonic period, prior to the appearance 
of the segmented vertebral column. In fact, 
it is the possession of a notochord, as well 
as of gill clefts and a dorsal nervous system, 
that confirms the relationship between the 
vertebrates and more primitive chordate 
forms, and justifies placing all these animals 
in the same phylum. 

Origin of the Nerve Cord and Notochord. 
The nerve cord and notochord arise almost 
simultaneously in the late gastrula period 
(Fig. 15-11A-D). The nerve cord comes from 
ectoderm, as will be described presently, 
whereas the notochord, at least in some 
forms, arises from a strand of endoderm that 
buds off from the archenteron (Fig. 15-1], 
B-D). 

The nerve cord first appears on the dorsal 
surface of the gastrula. In the beginning it 
is merely a shallow depression, called the 


give rise to the brain and spinal cord (Fig. 
15-1IF). The neural tube continues to sink 
below the surface of the embryo, and soon 
it becomes roofed over by surface ectoderm 
that encroaches from the sides. At an early 
stage (Fig. 15-I11F), the cavity within the 
neural tube establishes continuity with the 
enteron cavity, although later this neuren- 
teric canal becomes obliterated and the en- 
teron breaks through more ventrally to join 
an invagination from the exterior, forming 
a new opening, the anus (Fig. 15-81). 

The neural tube gives rise to: (1) the en- 
tire nervous system, including the brain, 
spinal cord, and nerves; and (2) the special 
sensory epithelia, such as the retina of the 
eye. The brain develops from the anterior 
portion of the neural tube (Fig. 15-11F). 
This anterior part is larger initially and 
grows faster than the long narrow posterior 
portion, which becomes the spinal cord. The 
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Some generalized stages in the development of a primitive verte- 


brate. Stages A to E are cross sections cut from the mid-body region; whereas 


F is a longitudinal section. 


nerves of the body represent outgrowths from 
the: wéeurt -aibe: Eacli 1erve consists ol 4 
bundle of fibers that originate from nerve 
cells as soon as these begin to differen- 
tiate in the developing brain and spinal 
cord. 

The flexible unsegmented notochord is a 
skeletal rod that is found in all vertebrate 
embryos, extending lengthwise through the 


embryo—between the neural tube and the 
archenteton (Fis. 15-1] iF) In vertebrates, 
however, the notochord is a short-lived, ves- 
tigial structure. In most cases it is totally 
replaced by the segmented vertebral column; 
but among primitive 


ple, 


vertebrates (for exam- 
laanpreys, sharks, and [rogs), remnants of 
the notochord can be found between the 
vertebrae, even in the adult animals. 
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Origin of the Skeleton and Musculature. 
Except for certain parts of the skull—which 
arise from the ectoderm overlying the de- 
veloping brain—the skeleton arises from 
mesoderm. Initially the skeletal material is 
cartilage; but this cartilage tissue (p. 289) 
is almost completely replaced by bone dur- 
ing later embryonic development—except in 
the lower cartilaginous fishes (p. 669). How- 
ever, the form and pattern of the skelctal 
parts remain essentially the same during the 
period when the cartilage is resorbed and 
replaced by bone. 

In vertebrate embryos (at the stage shown 
in Fig. 15-11D,F) one can identily a dorsal 
mass of mesoderm, which hes on either side 
of the notochord and neural tube. As devel- 
opment proceeds, this dorsal mesoderm be- 
comes subdivided hy a number of transverse 
creases into a series of blocklike segments, 
called somites. The mesodermal somites (Fig. 
15-11E) give rise to the skeletal and mus- 
cular structures 1n the several segments of the 
body. Each vertebra is blocked off by the 
mesoderm surrounding the notochord and 
neural tube, as this tissue differentiates into 
cartilage. The cartilage grows dorsally around 
the neural tube, forming a neural arch (Fig. 
15-11E); and ventrally, the cartilage first 
surrounds (Fig. 15-J1E), and then invades 
the notochord. Gradually all the notochordal 
tissue is resorbed, leaving the segments of 
cartilage, which become the centra of the 
vertebrae. Accordingly, the vertebral column 
is made up ol a series of segments, or ver- 
tebrae, linked together end to end. Collec- 
tively the vertebrae form a flexible skcleton 
—the vertebral column—that lies embedded 
in the dorsal body wall. The neural arch of 
each vertebra surrounds one portion of the 
spinal cord, so that the column as a whole 
provides a protective tunnel, which houses 
the spinal cord throughout its length. This 
protective housing becomes even more effec- 
tive when the cartilage is later replaced by 
bone (in all except the lower vertebrates). 

Virtually all of the muscle in each body 
segment arises from the lateral part of the 


mesodermal somites. Some of these mesoderm 
cells remain 77 sifu, giving rise to the massive 
muscles of the back, but others migrate ven- 
trally—through the mesentery into the gut 
wall—and into the Jateral and ventral parts 
of the hody wall. In the gut wall thts meso- 
derm differentiates into visceral (nonstriated) 
muscle (p. 286); but in the body wall 1t gives 
rise to skeletal (striated) muscle (p. 286). 
Most of the connective tissues (p. 288) also 
arise from cells that migrate out from the 
mesodermal somites. 





Further Development of the Digestive Tract 
and Its Outgrowths. The mouth, in verte- 
brates, arises as a shallow tnvagination, the 
ora] pit, which pushes inward and joins the 
archenteron near the anterior extremity of 
the embryo (Fig. 15-1]F); the anus arises 
similarly at the posterior end of the enteron, 
Just ventral to the blastopore. Thus part of 
the lining of both the mouth and the anus 
is derived from ectoderm, and both these 
passages display a line of junction between 
the ectodermal and endodermal tissues. 
Among invertebrates, the blastopore persists, 
becoming the mouth, as in the earthworm 
(Fig. 15-9). 

The gill slits originate as a series of out- 
pocketings (Fig. 15-1] F), which push laterally 
from the endoderm to join a corresponding 
set of inpocketings from the surface ecto- 
derm. In higher vertebrates the penetration 
of the gill passages is usually incomplete— 
although one pair of clefts forms a passage 
that persists and gives rise to the Eustachian 
tubes (p. 425) and middle ear chambers of 
the aclult. 

The lungs, liver, pancreas, and urinary 
bladder all originate as tubular outgrowths 
from the developing enteron. Accordingly all 
these structures possess an internal lining 
derived from endoderm. However, visceral 
mesoderm always envelops these outgrowths 
at the time when they originate from the 
enteron, and this mesoderm gives rise to the 
muscle, connective tissue, blood and lymph 
vessels, and the external epithelia of all the 
organs that grow out from the gut. In fact, 
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the endoderm provides only the internal 
epithelium of the digestive tract and _ its 
branches. “Phis epithelium is particularly 
important in the case of the liver, pancreas, 
and other digestive glands, because only 
these endoderm cells are destined to give rise 
to glandular tssues. 

Origin of Some Other Structures. The 
blood and lymph vessels originate as fissures, 
called sinuses, in the mesoderm (Fig. 15-8,]), 
and these sinuses eventually become inter- 
connected, forming a continuous system of 
tubes. At first, the heart appears as a simple 
tube lormed by the coalescence of two of the 
larger vessels in the anterior ventral region 
of the embryo (Fig. 17-8). This primitive 
heart soon becomes muscular and begins to 
beat regularly, and thereafter the heart con- 
tinnes to perform its ceaseless work while 
lurther development goes on. The initially 
straight tube becomes twisted rather com- 
plexly (Fig. 17-8), and meanwhile partitions 
are formed, first between the auricles, and 
then between the ventricles. In the embryonic 
mammahan heart, therelore, it is posstble to 
recognive stages that are equivalent to the 
two-chambered heart of the fishes and the 
three-chambered heart of the amphibians, 
before finally the lour-chambered heart of 
the adult mammal comes into being. 

In the early embryo the blood plasma ap- 
pears to be secreted into the sinuses by the 
surrounding epithelial cells, and both red 
and white corpuscles arise from cells that 
detach themselves from the sinus epithelium. 
Later, however, the formation ol new = cor- 
puscles becomes delegated to other tissues, 
particularly the bone marrow (p. 322). 

The kidneys and the gonads (ovaries or 
testes) originate trom mesodermal foldings 
along the dorsal wall of the coelom, on either 
sitlevol ‘the miesentery (Fig. 15-1 1d5)- dor the 
embryo ol reptiles, birds and = manimals, 
moreover, three stages may be recognized 
during the development ol the kicneys. The 
earliest embryonic kidney, called the pro- 
nephros, occupies a relatively anterior posi- 
tion in the embryo. In structure this primi- 


tive kidney rescmhles the adult kidneys of 
present-day fishes. In higher vertebrates the 
pronephros never becomes functional and 1s 
soon replaced by a functional mesonephros, 
which is situated more posteriorly and plainly 
displays a structural resemblance to the adult 
amphibian kidney. Finally, the mesonephros 
is dikewise teplaccd by the admits ty pe-ol 
kidney, the metanephros, which develops 
near the posterior extremity of the coelomic 
CANILY. 

Contributions of the Primary Germ Layers. 
In summary, the eventual contribution of 
each germ layer, especially in vertebrate 
animals, can be given as follows: 

The ectoderm gives rise to: (1) the entire 
nervous system—including the brain, spinal 
cord, ganglia, nerves, and the receptor cells 
of the sense organs; (2) the outer, or epider- 
mal layers of the skin, and skin structures— 
inchading hair, nails, the superficial parts of 
scales and feathers, and the secretory cells of 
skin glands (for example, sweat glands); (3) 
the lens of the eye; and (4) part of the lining 
of the mouth, nostrils, and anus, including 
the enamel liiyver-ol the teeth. 

The endoderm provides the liming ol the 
enteron (excluding part of the mouth and 
anus) and all its offshoots. These offshoots 
include not only the digestive glands such as 
the liver and pancreas, but also the lungs 
and other parts of the respiratory tract, the 
thyroid and thymus glands, and most of the 
urinary bladder and the urethra. 

Finally, the mesoderm gives rise to all 
other body structures. These include (1) the 
cleeper (dermal) layers of the skin and asso- 
ciated.striuctures-a(2) the sut walli,except tor 
its endodermal lining; (3) the mesenteries 
and other parts of the epithelial lining of the 
coelom and its derivatives: (4) the kidneys 
und most of the reproductive system; (5) the 
vascular system, including the heart, blood 
vessels, and lymphatics; (6) the muscles; 
and (7) the various connective and = sup- 
porting tissues, including almost all the 
bones, and the deeper (clentine) layers of the 
teeth. 
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HISTOLOGY: ORIGIN AND NATURE OF 
THE BODY TISSUES 


All the cells of the developing embryo pos- 
sess equivalent chromosomes, derived by mi- 
tosis from the zygote, and in young embryos, 
the cells display little or no obvious differ- 
entiation. But sooner or later the cells 
different regions of the embryo become dif- 
ferent; some become muscles, some nerve, 
etc., undil finally all the tissues of the adult 
become recognizable. 

Initially, the particular destiny of an em- 
bryonic cell is not determined, and many 
factors, both physical and chemical, cooper- 
ate in determining the eventual fate. In the 
frog embryo, for example, the ectoderm cells 
that he in the mid-dorsal region of the 
embryo would normally give rise to nerve 
cells. But these same cells can be trans- 





in this case they become skin cells. In other 
words, the cells develop differently according 
to their respective positions in the embryonic 
body. The physical and chemical forces that 
act upon the surface cells of an embryo 
differ from those that play upon the deeper 
cells; and there are many less obvious differ- 
ences that affect development in the differ- 
ent embryonic regions. Moreover, cells that 
have become differentiated sometimes exert 
a differentiating influence upon other cells, 
especially in nearby regions of the embryo 
(p. 534). But the problems of differentiation 
will be considered later (Chap. 27), and at 
present we will be concerned only with the 
end results of differentiation—the tissues of 
the adult animal. 

Many specific differences are found among 
the tissues of various animals, although the 
same four general types can always be recog- 
nized. These fundamental tissues are: (1) 
epithelium, (2) muscle, (3) nerve, and (4) 
connective (sustentive) tissue, Each ol! these 
fundamental tissues will be described in 
terms of the vertebrate animal. 

Epithelial Tissues. Ihe epithelial tissues, 
which cover the various external and internal 


surfaces of the body, are composed of closely 
fitting cells, with only a minimum of inter- 
cellular material binding the tissue into a 
continuous membrane. 

Epithelial cells are variously modified at 
different surfaces, and accordingly, several 
kinds of epithelia can be recognized. In squa- 
mous epithelium (Fig. 2-8) the cells are flat 
and scalelike; whereas in columnar epithe- 
hum the cells are cylinders, or bricks, of 
greater or lesser depth (Fig. 2-8). In simple 
epithelia there is only a single tier of cells, 
but in stratified epithelia there are several 
or many tiers. Moreover, some epithelia are 


ciliated (Fig. 15-]2), but others are non- 
ciliated. 
CILIATED 
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Fig. 15-12. Epithelial cells in the mucasal lining af the 
human trachea. 


Some epithelia are composed entirely of 
glandular cells, which secrete their products 
at the epithelial surface. This is true of the 
lining of the coelomic cavity and all its 
derivatives. In the abdominal cavity, where 
the epithelium is called the peritoneum; in 
the thoracic cavity, where it 1s called the 
pleura; and in the pericardial cavity, where 
it is called the pericardium—all the cells 
produce a watery, or serous, fluid, which 
lubricates the internal surfaces of the body. 
But in the mucosa, which lines the digestive 
tract and most of its offshoots, only some of 
the cells are gland cells (Fig. 15-12). All multi- 
cellular glands in the body are derived from 
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Fig. 15-13. 





Structure af glands; the actual gland cells are shaded in each 


figure. A, single gland cells scattered amang ardinary epithelial ceils; B, simple 
multicellular gland, cansisting of a graup af gland cells lining a slight invagina- 
tian af the epithelium; C, simple tubular gland; D, simple alvealar gland; E, 


campaund tubular gland (large glands, such as the liver and pancreas, are af 
this type, with thausands af secreting alveali); d, duct. 


epithehal outpocketings (Fig. 15-13). Some 
multicellular glinds are simple glands, like 
the gastric glands of the stomach, being com- 
posed of epithelial cells (Fig. 15-18C); but 
others are compound glands (Fig. 15-135), 
which contam a significant amount of con- 
nective ussue between the epithelial chan- 
nels. Likewise compound glands are ince- 
pendently supplied with nerves and blood 
vessels, und cach is covered by an epithelial 
membrane. 

Muscle Tissues. The three kinds of muscle 
tissue ol vertebrate animals are: (1) visceral 
muscle, which is found i mast ol the in- 
ternal organs, or viscera; (2) skeletal muscle, 
which occurs mainly in the body wall. con- 
nected to the bones and other skeletal parts; 
and (3) cardiac muscle, which is found only 
in the heart. All muscle tissues are character- 
ved by elongate cells or fibers, which gener- 
ate movement by shortening, or contracting, 
ina lorctble manner. No lorce is developed 
during the relaxation of a muscle fiber; in 
other words, muscle fibers work, not by push- 
ing, but by pulling. All muscle tissues appear 
to generate a contractile lorce by the shorten- 
ing of numerous delicate protoplasmic fibrils, 
the myofibrils, which are present in_ the 
fibers. Vhe myofibrils run lengthwise through 


the Huid protoplasm, or sarcoplasm, of the 
fibers. as can be demonstrated by proper 
staining, in all varieties of muscle tissue. 

In visceral muscle, each fiber is a single 
spindle-shaped cell (Fig. 15-14), but the indi- 
vidual fibers of skeletal muscle are syncytia, 
contamime many nuclei (Fig. 15-14). In skel- 
ctal muscle, the nucle: are found at regular 
miervils rear the suriice of the. fiber, just 
subjacent to a well-marked membrane, the 
sarcolemma. In skeletal and cardiac muscle, 
bute Net al visceral viliscle. one cal seer a 
number of transverse striations (Fig. 15-] 4). 
‘These striations Jook like a series of parallel 
bands. passing across the fibers, but they are 
not actual parutions subdividing the fiber 
ito discrete sections. The nature and fine 
structure of the striations will be discussed 
in Chapter 241. 

Cardiac muscle is found only in the verte- 
brate heart. The gener stricture of the 
tissue 1s like that ol skeletal muscle, except 
that the fibers ol cardiac muscle are inter- 
rupted pertodically along the length by sig- 
vag cross membranes, called wntercalated discs 
(Rigs show). and the wncler are deeply em- 
bedded Hie ceiti a the fiber. 

Functionally, the three types of muscle are 
also quite different. The action of skeletal 
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muscle is very rapid—such that contraction 
and relaxation are completed m less than 
0.1 second, compared to an average OL bP and 
10 seconds, respectively, for cardiac and 
visceral muscles. Also the contractions of 
skeletal muscle are finely graded and _ pre- 
cisely controlled as to their force and amphi- 
tude. Essentially, each separate skeletal mus- 
cle is a bundle containing thousands of paral- 
lel fibers stretching between two parts of the 
skeleton. Each fiber receives an individual 
nerve supply. Accordingly the demands of 
the nervous system can be varied in such a 
way that all or only some of the fibers con- 
tract, adding their strength to the whole con- 
traction. Cardiac muscle, in contrast, tends 
to contract in an all-or-none fashion, and a 
single excitation tends to spread throughout 
the whole syncytium. In lesser degree such 
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The three kinds of muscle tissue. 


generalized contractions also occur in vis- 
ceral muscle; but in this tissue the excitation 
seems to be passed from cell to cell. 

Nerve Tissue. [The cells of the nervous sys- 
tem are called neurons (Fig. 15-15). Each 
neuron consists of a cell body, or centron— 
that is, the nucleus and the cytoplasm imme- 
diately surrounding the nucleus—and of cleli- 
cate threadlike nerve fibers, which extend 
out from the cell body. Some of these fibers 
normally conduct tmpulses toward the cen- 
tron, and these fibers are called dendrons; 
but other fibers, the axons, normally convey 
impulses away from the centron. The many 
neurons that compose the nervous system 
form a coordinating system of fibers connect- 
ing the many sensory and motor structures 
of the body. 

The centron part of a nerve cel] main- 
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tains the nutrition of its own outlying fibers. 
Thus an axon or dendron that is cut off 
from continuity with its centron undergoes 
degeneration, although a replacement of the 
fiber may be effected by a new outgrowth 
from the cut end. The centrons of the nerv- 
ous system are aggregated in small masses, 
called ganglia, and—to a much greater ex- 
tent—in the brarn and spinal cord. Nerves— 
Which lead to and away Irom the ganglia, 
brain, and spinal cord 





are madc up of 
axons, dendrons, or both, running together 
im a common bundle. In many nerves, each 
fiber is insulated from its neighbors by an in- 
dividual sheath (Fig. 15-15) of fatty material, 
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Fig. 15-15. A neuron, ar nerve cell. 


which is called the myelin or medullary 
sheath. However, some nerves, particularly 
in the autonomic system (p. 465), are non- 
myelinated. 

Connective (Sustentive) Tissues. The con- 
nective tissues bind the other tissues together, 
giving substantial form to each organ, and 
connecting and supporting the various or- 
gans. In all connective tissues, the intercellu- 
lar matrix is far more conspicuous than the 
cells by which this matrix is secreted. In fact, 
the character of the matrix mainly deter- 
mines the properties of the particular kind 
of connective tissue im question—as may be 
noted in the followimg description. 





1. Fibrillar Connective Tissues. The matrix 
of the fibrillar tissues is characterized by the 
presence of numerous nonliving fibers, which 
form dense interlacing networks or thick 
parallel strands. The fibroblasts, or cells 
that form the matrix, are usually difficult 
to see among the fibers. They are inconspicu- 
ous amoeboid cells, capable of migrating to 
the various parts of the tissue. The chemical 
nature of the fibers cilfers in ciifferent con- 
nective tissues. In general, two main types 
are recognized: (a) white fibers, which are 
relatively delicate and inelastic, and (b) yel- 
low fibers, which are stouter and more elastic. 
Whnite fibrous connective tissue is widely dis- 





Fig. 15-16. Hyaline cartilage. One ta several carti- 
lage-producing cells (chandrablasts) occupy each af the 
spaces (lacunae) in the chondrin matrix. (Fram The 
Living Body, by Best and Taylar. Halt, Rinehart and 
Winstan, Inc.) 
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tributed throughout the body; the yellow 
type of connective tissue is encountered 
mainly in the ligaments of the skeletal 
joints of the body. 

2. Cartilage (Fig. 15-16). The matrix of 
cartilage is composed mainly of a protein 
substance, chondrin. The chondrin appears 
as a homogeneous mass between the cells, or 
chondroblasts, that secrete it. Cartilage has 
a flexible, resilient consistency. In lower ver- 
tebrates cartilage forms the entire skeleton, 
but in higher vertebrates, cartilage supple- 
ments bone; that 1s, cartilage 1s used as a 
padding between the bones, and as the skele- 
ton of parts of the body, such as the nose 
and ears, where flexibility is a desirable char- 
acteristic. All kinds of cartilage display fibers, 
like those of fibrillar connective tissue, em- 
bedded in the chondrin matrix. 

3. Bone (Fig. 15-17). Bone is the character- 
istic skeletal material of most vertebrate ani- 
mals. The matrix of bone is hard and rigid, 
being composed largely of phosphate and 
carbonate compounds of calcium. The bone 
cells, or osteoblasts, which deposit the bony 
matrix, are small cells with numerous fine 
cytoplasmic branches (Fig. 15-17). Usually 
the osteoblasts are arranged in concentric 
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circles around tubular channels, called Ha- 
versian canals. ‘These canals penetrate 
through the bone, allowing for the passage 
of nerves and blood vessels (Fig. 15-17). 

4. Blaod and Lymph. Blood (Fig. 15-18) has 
a fluid matrix, called the plasma. This com- 
plex aqueous solution (p. 321) serves as the 
chief medium of transportation throughout 
the body. In the plasma, the several differ- 
ent kinds of blood cells are suspended (see 

321). 

The blood cells of vertebrates are of three 
types. (1) The erythrocytes, or red corpuscles, 
contain large quantities of hemoglobin, the 
red pigment that facilitates the transporta- 
tion of oxygen. (2) The leucocytes, or wilite 
corpuscles, are amoeboid cells, which in some 
cases can ingest bacteria and other foreign 
particles, thus counteracting infections, and 
preventing the blood vessels from clogging. 
(3) The blood platelets, or thrombocytes, are 
fragile colorless corpuscles, which initiate a 
clotting of the plasma-—by disintegrating as 
soon as blood is shed (see p. 323). 

Invertebrate bloods do not contain ery- 
throcytes, although hemoglobin (or allied 
respiratory pigments) may be present—dis- 
solved directly in the plasma. The erythro- 


Fig. 15-18. Red and white blood corpuscles of man, 
all drawn to the same scale. A, red blood corpuscle, flat 
and edgewise; B, lymphocyte; C, mononuclear leucocyte; 
D, polymorphonuclear leucocyte (granulocyte). 
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cytes of vertebrates, except for the mammals, 
possess nuclei. 

Leucocytes are of various kinds according 
to their lorm and origin (p. 322); and not 
ul leucocytes are able to migrate through 
the walls of the capillary blood vessels into 
the tissue spaces. The lymph—or body fluid, 


as it is more frequently called in lower an1- 
mals—resembles blood, except that lymph 
contains less protein and no erythrocytes. 
Lymph fills the spaces; and in 
a majority of animals, the lymph etr- 
culates slowly through these tissue spaces (p. 
33-4). 


tissue 


TEST QUESTIONS 


2 Distinguish CUPEL UIA! between: 
membrane and the fer- 
tilivatton membrane 


a. the vitelline 


b. activation and lertilization 

c. acuvation and parthenogenesis 

d. natural and artifictal: parthenogenesis 
e. haploid and diploid parthenogenesis 


1 


Describe an expernnent proving that activa- 
tion and fertilization are separate functions 
ollie spe mi: 

3. Distinguish between the acrosome filament 
and the feruhzation cone. Explain the fune- 
tron of each. 

4 Us there any relanion between the quantity 

of yolk in an egg and the length of the em- 

bryonic period? Explain. 


cyt 


Explain the significance of polarity in the 

egy, 

6. Why ts the middle piece of the sperm im- 
portant? 

AMVs blastulardhlow does ie blisnia 
derived from a homolecithal ege differ from 
one derived from a telolecithal ege (for ex- 
ample, a lrog’s egg)? 

8. What is a gastrula and how does it arise? 

Identify: (a) the archenteron: (b) the ecto- 

derm and endoderm; and (c) the blastopore 

and blastocoel. 


= 


Explain three ways in which mesoderm may 

arise in various embryos. 

10. Differentiate between diploblastic and triplo- 
blastic animals, ctting an example of each. 

I -Enumenmiie the adult simietures:(in- vertebrate 
aTMMars); Uta recderived tron: (1) tie ecto- 
derm; (b) the endoderm: (c¢) the mesoderm. 

[2. A. Describe the origin of the coclom and ex- 


FURTHER 


lwOniseivues Uno; in by .Gecorwe \\... Gomer, 
Nese Mamven, 1944: 

Embryos and Ancestors, by G. R. DeBeer: 
Osxtord,lOps: 


fo 


plain how the coelom is reJated to the so- 
matic and visceral layers of mesoderm, and 
to the mesentery. 
B. Explain the importance of the coelom in 
higher aninals generally. 

13. Explain the distinctive features that 
ferentiite: 

a. vertebrates [rom invertebrate animals 


dif- 


b. vertebrates from other chordate animals 
14. identity; locate, wid: explain: tiie “onigin: of: 
a. the neural groove, the neural folds, 
and the neural tube 
b. the brain and spinal cord 
the notochord 
d. the vertebrae, including the neural 
arches and centra 


e. visceral and skeletal muscle 
f. the gill shts and the Eustachian tubes 
the lungs, liver, and pancreas 


— 


1. the blood and lymph vessels 

15. Trace the development of the digestive tract 
(in vertebrates) from the time of invagina- 
tion until the saccular enteron becomes tu- 
bular. 

16. What are the fundamental tissues and how 
are they differentiated one from another? 

17. Specify four kinds of epithelia and explain 
the distinctive features of each. 

18. Specify the three kinds of muscle tissue and 
deseribe the distinctive features of each kind. 
In what ways are all kinds of muscle similar 
to each other. 

19. Identify: (a) yellow fibrous connective tis- 
sue; (b) fibroblasts: (c) chondrin: (da) chon- 
droblasts: (e) Haversian canals; and (f) la- 
cunae. 
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5=The Digestive System 
mn Man and Other 
Multicellular Animals 


THE SIMPLEST animals carry on ingestion, 
digestion, and the other processes of nutri- 
tion entirely within the limits of the single 
cell. But higher animals have developed 
specialized multicellular organs that display 
various degrees of complexity and efficiency. 
Moreover, these organs are subordinated 
into definite organ systems; well-defined di- 
gestive, circulatory, respiratory, and excre- 
tory systems are recognizable in all higher 
animals. First to be considered will be the 
digestive system, which fulfills the functions 
of ingestion, digestion, absorption, and eges- 
tion, in multicellular animals generally. 


THE GASTRIC VACUOLES OF PRIMITIVE 
METAZOA 


The earliest multicellular animals did not 
develop a new type of digestive cavity. They 
depended upon gastric vacuoles essentially 
similar to those found among the Protozoa. 
This is particularly true of the Porifera, a 


primitive phylum of animals commonly 
called the sponges (Chap. 32). 

The cells of a sponge are aggregated in 
the form of a porous tube, which may or 
may not be complexly branched (Fig. 16-1). 
The tube is closed at the lower end, but 
communicates with the outside water through 
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Fig. 16-1. The conal systems of two relatively simple 
sponges. 
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the osculum, a large opening at the upper 
extremity, and also there are many small 
pores in the side walls of the sponge. The 
entire tube is lined internally with flagel- 
lated cells (Fig. 16-2). These set up a stream 
of water that enters through the pores and 
leaves through the osculum (Fig. 16-1). Some 
of the cells, which are aggregated around pit- 
Itke chambers, possess collars encircling the 
flagella (Fig. 16-2). The flagella of these cells 
serve to waft small particles of food into the 
collars, whence the food passes into gastric 
vacuoles in the individual cells. Here the col- 
loidal foods are digested. Part of the glucose, 
amino acids, and other products of digestion 
are utihved by the cells 1n which they are 
liberated, but part diffuses to the neighbor- 
nig cells: ING parts ob thesbedy are very re- 
mote trom the source of absorption. The wall 
of the sponge 1s composed of only two cell 
layers, although some sponges have « large 
amount of relatively inert the 
mesoglea, interposed between the outer and 
inner cell layers. In commercially valuable 
sponges (Fig. 16-3), the mesoglea is composed 
of a sitklike protein substance (spongen); 
but in others the skeletal material is calcare- 
ous or silicaceous, according to the species. 


materral, 


THE SACCULAR DIGESTIVE SYSTEMS 
OF HYDRA AND PLANARIA 


In simplest form, the saccular type of di- 
gestive cavity 15: loutid 21m the tresly s\ater 
polyp, Hydra. Essentially this small familiar 
aquarium animal has the form of a sac, in 
which one opening, the mouth, communi- 
cates with the surrounding water (Fig. 16-4). 
The body wall of Hydra is composed of only 
two cell layers; but between the outer ecto- 
dermal epithelium and inner endodermal 
epithelium, there ts a thin layer of nonliving 
matrix. the mesoglea. 

Hydya captures a variety of small free- 
swimming animals by means ol! tentacles, a 
group of slender, mobile, threadlike organs 
that originate from the body in the region 
surrounding the mouth (Fig. 3-12). Each ten- 
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Fig. 16-2. Section of o flagellated chamber of a 
spange. 
tacle is armed with numerous evenly ar- 


ranged batteries of stinging cells (Fig. 16-4). 
When the stinging cells discharge, they inject 
a paralyzing fluid into such victims as may 


Yellow spange. The skeletal material of 
this sponge is spangin, a silklike compound. (The ascu- 
lum is at the top.) (Courtesy of the Fish and Wildlife 
Service, U.S. Department af the Interior.) 


Fig. 16-3. 
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happen to swim into contact with one of the 
waving tentacles. Then the tentacles push 
the immobile prey into the mouth, which can 
be opened very wide when necessary. 
The ingested food of Hydra tends to ac- 
cumulate in the saccular enteron, which 1s 
also called the gastrovascular cavity. Diges- 
tion begins in the gastrovascular cavity, but 
is completed in the separate cells that line 
the cavity and form gastric vacuoles on an 
individual basis. Some of the cells of the 
endermal] epithelium are unicellular glands, 
which secrete enzymes into the gastrovascular 
cavity. ‘hese enzymes appear to act prima- 
rily upon the connective tissues of the in- 
gested organism, and gradually the body of 
the prey disintegrates into many small pieces. 
Then the epithelial cells, which are flagel- 
lated, begin to form food vacuoles, and the 
fragments of the food organism are ingested 
for a second time. In the individual food 
vacuoles, digestion is completed. The com- 
plex protein, carbohydrate, and lipid com- 
ponents of the food are hydrolyzed, forming 
absorbable end products, which diffuse to 
the neighboring cells of the hydra. Non- 
digestible remnants of the food mass are 
passed from the vacuoles back into the gastro- 


vascular cavity and out into the environment 
via the mouth. 

The saccular type of enteron, in which the 
mouth opening serves for both ingestion and 
egestion, has a fairly wide distribution among 
primitive kinds of animals. It is possessed 
not only by Hydra and other Coelenterata 
(p. 630), but also by the flatworms or Platy- 
helminthes (p. 635). Among flatworms, how- 
ever, the gastrovascular cavity is not a simple 
sac, but a branched system of blind pockets 
all connected by main channels which lead 
inward from the mouth (Fig. 16-5). 

‘The branched type of gastrovascular cavity 
is well exemplified by Planaria, one of the 
commonest of the free-living flatworms. 
These graceful little animals (Fig. 16-6) have 
a flexible ribbonlike form. ‘The ciliated epi- 
thelium, which covers the undersurface of 
the body externally, enables the flatworm to 
glide through the water, with the flat ventral 
surface in contact with rocks and other ob- 
jects on the bottom of the pond. The anterior 
end, or head, is broader than the tapered tail 
and the dorsal surface has a darker color 
than the ventral. A pair of light-sensitive 
eyespots is located on the dorsal surface near 
the anterior end of the head; and on each 
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Fig. 16-5. 


side of the head there Is a small blunt-pointed 


lateral projection, the auricle, which ts 
thought to be a receptor of tactile stimuli. 

The mouth of Planaria is found at the tip 
of a hoselike muscular organ, the pharynx 
(Fig. 16-7). The pharynx protrudes out from 
the ventral surface only when the planarian 
is feeding; and at all other times it is with- 
drawn into the pharyngeal pouch (Fig. 16-7). 


Planaria leeds upon minute organisms and 
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Fig. 16-6. 


Cr BN < 


Planario, o common flotworm. Diagram of a specimen with digestive 
system injected with India ink. Note that the ink flows into all branches of the 
gastrovascular cavity. 


particles of organic matter on the bottom of 
the pond. The food passes through the mouth 
and pharynx into the branches of the gastro- 
vascular cavity. The full extent of this 
branching system can be demonstrated by 
injecting an ink suspension through the 
mouth and pharynx by means of a hypo- 
dermic syringe. Then it can be seen that the 
many branches of the digestive cavity pene- 
trate to all parts of the body (Fig. 16-5). 


> Les 





This free-living flatworm (Dugesia dorotocephala) is closely related to Planario. 


It lives in fresh-water ponds and brooks, where it glides through the crevices between the 
stones, using its cilia, which cover the underside of the body. At the head end (right) 
note the light-sensitive ‘eye spots’’ and the touch-sensitive ‘‘ouricles.’” Also note that the 


protrusible pharynx con be seen (vaguely) enclosed in a pocket near the center of the 
body. (Courtesy of J. A. Miller, Emory University.) 






PLANARIA, WITH PHARYNX RETRACTED 
IN THE PHARYNGEAL POUCH 





WITH PHARYNX EXTENDED 
Fig. 16-7. 


Planaria. 


The branching of the gastrovascular sys- 
tem facilitates the distribution of the ab- 
sorbed foods to the outlying cells of the ani- 
mal. The body of the flatworm, compared to 
Aydra, is considerably thicker because a 
layer of mesoderm develops between the 
ectoderm and endoderm (Fig. 16-8). In 
Planaria, the mesoderm consists mainly of 
loosely arranged parenchyma tissue, which 
surrounds the various structures of the mus- 
cular, nervous, reproductive, and excretory 


Fig. 16-8. 
crass sectian. 


Planaria, diagrammatic 


GASTROVASCULAR CAVITY 
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systems. The intercellular spaces of the meso- 
derm are filled with a body fluid, which dis- 
tributes food substances absorbed from the 
numerous branches of the gastrovascular cav- 
ity. Distribution is accelerated by the move- 
ments of the body, which set up haphazard 
currents in the body fluid; but there is not 
any very definite or sustained circulation of 
the body fluid of Planaria. 


THE TUBULAR DIGESTIVE TRACT OF 
THE EARTHWORM 


All animals above the evolutionary level 
of the flatworms possess a tubular type of 
enteron, generally similar to the digestive 
tract of man. Such tubular systems allow for 
a one-way passage of food materials from 
the mouth to the anal opening. Food in- 
gested through the mouth undergoes diges- 
tion and absorption as it moves along the 
length of the enteron, and finally the rem- 
nants of the food are egested through the 
anus. 

The earthworm and other Annelida (p. 
647) possess a tubular enteron (Fig. 16-9) 




















SEPTA 
INTESTINE 


GIZZARD CROP 


Fig. 16-9. 
cessive parts. 


ESOPHAGUS 


Tubular digestive tract of the earthworm (diagrammatic). Note the differentiatian of the suc- 


which illustrates the advantages of such a 
system. Annelida, like higher forms gener- 
ally, have developed a sharply defined coelo- 
mic cavity, which intervenes between the wall 
of the digestive tract and the body wall (Fig. 
16-10). Moreover, the gut wall has developed 
a separate musculature, so that the digestive 
movements of the animal are independent 
of its external movements. The gut muscula- 
ture takes care of churning, mixing, and 
moving the food mass in the digestive tract, 
while simultaneously the muscles of the hody 
wall are executing the various external re- 
sponses of the animal. 

Tubular enterons are variously modified 
in different higher animals. In the earth- 
worm, the pharynx lies directly hehind the 
mouth and displays a relatively thick muscu- 
lar wall (Fig. 16-9). The pharynx acts as a 
sort of suction pump that expands and con- 
tracts, sucking in small masses of moist 
earth as the worm burrows into the soil. The 
ingested earth, which contains considerable 
rotting plant material, mixed with the hard 
soil particles, then passes through the straight 
cylindrical esophagus (segments 6 to 14) to a 
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thin-walled distensible chamber, the crop. 
While passing through the csophagus the 
food mass is mixed with the juices from three 
pairs of multicellular glands, the calciferous 
glands (Fig. 16-9). These secretions are rich 
in calcium carbonate, which may influence 
the digestive reactions. When the crop ac- 
cumulates sufhicient food, 1t passes the mass 
on to the thick-walled gizzard (segments 17 
and 18), which is a grinding organ. ‘The 
grinding action of the gizzard results from 
the strong rhythmic contractions of tts thick 
muscular walls. Bits of leaves and other small 
masses of organic material are cut into 
smaller and smaller pieces, as they are re- 
peatedly compressed between the sharp par- 
ticles of the soul. This grinding action is 1m- 
portant because it increases the exposed 
surface of the food mass and permits the 
digestive enzymes to act more elfectively. 
The intestine of the earthworm is the last 
and longest part of the digestive tract (Fig. 
16-9). This thin-walled tube extends straight 
back from the gizzard to the anal opening, 
at the posterior extremity of the worm. While 
the food muss moves slowly along the intes- 
tine, digestion and absorption are completed. 
Many unicellular digestive glands are pres- 
ent in the epithelial lining of the intestine, 
and these glands secrete carbohydrases, pro- 
teases, and lipases upon the passing food. 
The sugars, amino acids, glycerol, and other 
relatively simple end products derived from 
the hydrolysis of the organic foods dissolve 
in the water fraction of the moist food mass; 
and as these end products accumulate, they 


MESODERM = 





ENTERON COELOM 






cn 
go pica nl, 







HET 
: AX 
eo 
: oy 
2 ee 
ML 


oD 
ch 


EARTHWORM 


Diagrams of cross sections of Hydra, Planaria, and earthworm. 


tend to be absorbed by diffusion, through 
the endoderm into the blood, which flows 
continuously through the capillaries in the 
wall of the intestine. 


THE DIGESTIVE SYSTEM OF MAN 


The human digestive tract, like that of 
Vertebrata generally, is a tubular system, 
possessing a characteristic number and_ar- 
rangement of the several parts (Fig. 16-11). 
Food is ingested through the mouth into the 
oral cavity, where it is chewed and mixed 
with saliva (Fig. 16-11). Then the food 1s 
swallowed and passes quickly through the 
short pharynx and the long esophagus to the 
stomach. The stomach is a thick-walled, 
muscular, saclike portion of the enteron, 
which churns the food mass sometimes for as 
long as 3 to 5 hours, while the food ts acted 
upon by the gastric juice. This juice pours 
into the stomach cavity from thousands ol 
microscopic glands, the gastric glands, pres- 
ent in the lining of the stomach wall (p. 299). 
When the food has been reduced to fluid 
form, it 1s passed on into the small intestine 
(hie. 16-11). Piis Jone (23 it) and relatively 
narrow part of the digestive tract is highly 
coiled, and the many coils ol the smal] intes- 
tine are all crowded together in the abdom- 
inal cavity. The small intestine receives the 
food mixture from the stomach and, in the 
course of about 10 hours, transmits the rem- 
nants ol the food to the large intestine (Fig. 
16-11). Meanwhile, pancreatic juice from the 
pancreas and bile {rom the liver (Fig. 16-11) 
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Fig. 16-11. 
tary systems (semidiagrammatic). 


are poured upon the food while it passes 
through the very first part of the small intes- 
tine, and the intestinal juice, from the nu- 
merous microscopic intestinal glands in the 
intestinal wall, is added further along in the 
tract. When the food mixture reaches the 
large intestine, digestion has been completed 
and most of the end products of digestion 
have been absorbed. But while the remnants 
of the food pass through the large intestine 
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Internal argans af man, with emphasis an the digestive and respira- 


to the rectum (Fig. 16-11), much of the resid- 
ual water is absorbed. Accordingly, when the 
mass is egested through the anus, it usually 
displays a semtsolid consistency. 
Microscopic Structure of the Digestive 
Tract, Although the various parts of the di- 
gestive tract are superficially quite different, 
all parts display a similar histological struc- 
ture. In fact the enteron wall is formed 
throughout by four concentric layers, which 
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Ate (1)/Sthie 
mucosa, (2) the submucosa, (3) the muscu- 
laris, and (4) the serosa. In the [frog's intes- 
tine, for example. one finds the same four 
layers as in the human digestive tract, al- 
though the intestinal wall of the frog (Fig. 
16-12) is relatively simple, compared to that 
of man. The mucosa, or innermost layer of 
the enteron wall, comes into direct contact 
with the food in the digestive tract, and in 
the frog the mucosa is represented mainly by 
a single layer of glandular epithehum, which 
is derived entirely from the endoderm (Fig. 
16-12). 
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Fig. 16-12. Simplified cross section of a frog’s intes- 
tine. 


The other three layers of the enteron wall 
are all derived embryologically from meso- 
derm. The submucosa consists mainly of 
fibrous connective tissues, although it is 
abundantly supplted with blood capillaries 
and lymph vessels, into which the digested 
foods are finally absorbed. The muscularis 
(Fig. 16-12) consists of two sheets of visceral 
muscle, which effect the movements of the 
bowel. The inner part of the muscularis 1s 
called the transverse layer, because its fibers 
tend to encircle the enteron; but the fibers 
of the outer part run lengthwise of the in- 
testine, and these make up the longitudinal 
layer of the muscularis. The serosa, essen- 
tially, is a single tier of Ilattened epithehal 
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cells, which provides a smooth external lin- 
ing for the enteron. A serious fluid is secreted 
by the serosa, and this fluid lubricates the 
abdominal surfaces, reducing the frictional 
irritation as the coils of the intestine rub 
against each other and against the other 
organs of the abdomrnal cavity. 

Glands of the Digestive Tract. Many of 
the cells of the mucosa are goblet cells (Fig. 
15-12), which, essentially, are unicelluljar mu- 
cous glands. Each goblet cell produces a 
small globule of mucous periodically and 
extrudes this secretion upon the food mass. 
Collectively the mucosa produces consider- 
able quantities of mucus, which serves as a 
Jubricant, facilitating the passage of food 
through the digestive tract. 

The other digestive glands represent multi- 
cellular outfoldings of the enctodermal epi- 
thelium. The gastric glands (Fig. 16-13) and 
the intestinal glands are simple glands, in 
that they are microscopic and le entirely in 
the wall of the digestive tract, but the salivary 
glands, liver, and pancreas are compound 
glands, anct these large separate organs are 
connected to the digestive tract only by their 
ducts (Fig. 16-11). 

The Oral Cavity. The main structures of 
man’s oral cavity are quite familar. The pal- 
ate, or “roof of the mouth,” is a partition 
that separates the oral cavity from the nasal 
passages (Fig. 16-11). The anterior bony part 
of this partition is the hard palate, and the 
posterior nonbony part is the soft palate, 
which terminates as a fleshy projection, the 
uvula, The oral cavity is guarded in front 
by the lips, and flanked at the sides and in 
front by the upper and lower sets of teeth. 
The tongue, which ts a flexible muscular 
organ, arises from the floor of the mouth, 
and the mucosa lines the oral cavity through- 
out, except in the region of the gums and 
lips, where the lining represents a sort of 
modified skin. The oral mucosa is continu- 
ously moistened by the mucous secretions of 
its own goblet cells and by saliva, which 
drains into the mouth from the salivary 
glands (Fig. 16-117). 





Fig. 16-13. Gastric glands, fundus region af stamach. 
1, pit on mucous surface of stomach; 2, neck af gland; 
3, deep end of gland; 4, cells that produce HCI; 5, 
enzyme-producing cells. (From The Living Body, by 
Best and Taylor. Halt, Rinehart and Winston, Inc.) 


The Teeth. The teeth of different verte- 
brates are adapted to the food habits of the 
individual species, but vertebrate teeth gen- 
erally conform to a common structural pat- 
tern. The crown, which is the part that pro- 
jects above the gum level (Fig. 16-14), is made 
up of three layers: (1) the enamel, an external 
covering of exceedingly dense hard material; 
(2) the dentine, an intermediate layer of 
bonelike matter, not quite so hard as the 
enamel; and (3) the pulp, a soft tissue (in- 
cluding the nerves and blood vessels of the 
tooth) that fills the central pulp cavity. ‘The 
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part of a tooth that is encircled by the fleshy 
gum tissues is called the neck; and below the 
neck lies the root, which fits snugly into a 
socket, provided by the jawbone. In compo- 
sition the root resembles the crown, but the 
enamel is replaced by cement, a material that 
binds the dentine to the bone of the jaw. 

Vertebrate teeth arose among primitive 
fish, from scalelike structures called placoid 
scales (p. 669). Such scales are found in the 
modern sharks and other cartilaginous fishes, 
but not in the bony fishes. The sharks have 
many rows of teeth, which rim the mouth in 
the region where the skin folds inward into 
the oral cavity; and these teeth are replicas 
of the smaller placoid scales that cover the 
entire body surface. The shark’s teeth dis- 
play the same structural layers as other ver- 
tebrate teeth, but in higher vertebrates the 
teeth have become modified in form to fit the 
food habits of the particular species. 

The permanent teeth of adult man are 
normally 32 in number; there are 8 teeth 
on each side of both the upper and lower 
jaws (Fig. 16-15). Each group of eight con- 
sists of: (1) two incisors, the chisellike cut- 
ting teeth, in the front of the jaw; (2) one 
canine, the blunt-pointed tearing tooth at 
the side of the incisors; (3) two premolars, 
the simple grinding teeth behind the ca- 
nines; and (4) three molars, the complex 





Fig. 16-14. Structure of a human tooth, diagrammatic. 
En], enamel; Den, dentine; Cm, cement; Crn, crown; 
Nk, neck; Rt, root. 
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grinding teeth behind the premolars (Fig. 
16-15). However, the third molars, or wisdom 
teeth, sometimes fail to erupt beyond the 
gum level. In man and other mammals (p. 
673), the permanent teeth are preceded by 
the milk teeth, which resemble the adult 
teeth, except that the molars are not repre- 
sented. 

The clentition of man is generally similar 
to that of the other Mammalia; but in dif- 
ferent mammals the dentition is variously 
modified according to the food habits of the 
species. In Rodentia (squirrels, mice, etc.), 
for example, the incisors, or gnawing teeth, 
are very prominent. Herbivorous animals 
(horses, cows, etc.) also have well-developed 
incisors with which to crop the vegetation; 
even more parucularly, herbivorous animals 
have very conspicuous molar teeth, to grind 
and pulp the vegetation in preparation for 
swallowing. Carnivorous animals (such as 
wolves and tigers) have very prominent ca- 
nine teeth, which serve for tearing flesh from 
the victim, as well as for offensive and defen- 
sive purposes. Man, however, 1s quite omniv- 
orous in jis food habits, and the dentition 
of man is very conservatively balanced. 

As it is chewed, the food is cut and ground 
thoroughly, which increases the surface ex- 
posed to the action of the saliva and other 
digestive jiuces. Chewing also mixes the food 
with the saliva and converts the whole food 
mass into a pulp that can be swallowed with- 
out difficulty. 

The Tangue. The tongue, essentially, is a 
mucosa-covered mass of intricately arranged 





Fig. 16-15. The dentition af man. The same 
kinds of teeth are duplicated in the upper jaw. 


muscle fibers, which can be shaped and 
moved in a very agile manner. The role of 
the tongue in shaping our speech—especially 
when we ask for food—is related indirectly 
to nutrition, but the tongue also has three 
direct nutritional functions: (1) the tongue 
manipulates the food during chewing, so 
that each morsel is kept in range of the 
proper “teeth: (2) the tongue. shapes. the 
chewed food into a pulpy mass, the bolus, 
and squeezes the bolus into the pharynx, 
when it 1s time for swallowing; and (3) the 
mucosa of the tongue provides a housing for 
a majority of the taste buds (p. 421). 

The Salivary Glands. Man and most other 
mammals possess three pairs of salivary 
glands, which secrete the saliva and send it 
into the oral cavity. The salivary glands of 
man include: (1) the parotid glands, which 
lie embedded in the soft tissues of the cheeks. 
just below and behind the cheek bones; 
(2) the submaxillary glands, which are em- 
bedded in the floor of the mouth immedi- 
ately in front of the angles of the lower jaws; 
and (3) the sublingual glands, which also lre 
in the floor of the mouth along the sides of 
the tongue (Fig. 16-16). Each gland is a lobu- 
fated mass of glandular tissue, weighing 
about one ounce; but the salivary glands 
jomtly produce about two quarts of saliva 
daily. The saliva drains from the glands via 
ducts. A single duct from each parotid opens 
upon the inner surface of the cheek opposite 
the second upper molar; whereas the duct 
from each submaxillary, and the several ducts 
from each sublingual, drain upon the floor 


of the mouth near the roots of the lower 
canine teeth (Fig. 16-16). 

COMPOSITION AND FUNCTIONS OF THE Sa- 
LIVA. The composition of human. saliva, 
based on an analysis of the mixed juices of 
all the glands, is given in Table 16-1. This 
shows that saliva, like all other digestive 
Juices, contains a large proportion of water, 
which serves as a solvent for all other com- 
ponents of the juice. 





Fig. 16-16. Drawing of the salivary glands super- 
imposed upon a photograph. The sublingual gland, 
lower front; the submoxillary gland, lawer back; the 
paratid gland, obave. (From The Digestion af Faods. 
Encyclapedio Britannica Films, Inc.) 


The functions of saliva are partly chemical] 
and partly mechanical. Among the chemical 
reagents in saliva, the enzyme ptyalin is a 
very active amylase. Thus if a suspension of 
boiled starch is incubated at body tempera- 
ture with a few drops of saliva, a hydrolysis 
of the starch to maltose is completed within 
about 20 minutes (see Fig. 5-5). The opaque 
starch suspension gradually becomes first 
translucent and then transparent, which in- 
dicates that the large starch molecules are 
decomposing into smaller and smaller frag- 
ments. Finally all the starch is converted into 
maltose. Moreover, some of the maltose is 
converted to glucose, since human saliva con- 
tains small amounts of the enzyme maltase. 

As to its mechanical] functions, saliva facili- 
tates swallowing by softening and lubricat- 
ing the food, and by binding the separate 
food particles into a plastic mass, the bolus, 
which can be swallowed as a whole. Thus 
when the flow of saliva is inhibited—as by 
fright—a cracker or other dry food can 
scarcely be swallowed. Saliva also augments 
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taste. The taste buds are sensitive only to 
dissolved substances; and by dissolving the 
dry components of the food, the saliva brings 
out their taste. 

A small flow of saliva continues even be- 
tween meals. This flow is important because 
it cleanses the mouth, preventing an encrusta- 
tion of the teeth and tongue with food par- 
ticles, bacteria, scuffed-off epithelial cells, and 


Table 16-l1—Human Saliva; 
Average Composition 


Percent 
by Weight 
99.5 


Components 


NNCAUOL wren Ric tie. eee 
Inorganic salts (mainly chlorides, 
bicarbonates, and phosphates 
of sodium, potassium, and cal- 


CHU pire tie ete hare eee ear Oia 
Inorganic gases: oxygen and carbon 
CUNO NIHCIC. sey tine eh Yona een ‘Traces 
Organic substances 
Enzymes: ptyalin and maltase... Traces 
Other proteins: mucin, globulin, 
Spl EeTIN greece sree a nea 0.2 
WaSGG setae e twee oe eer ‘Traces 


Reaction: slightly acid (pH 6.5-6.8) 


other detritus of the oral cavity. Thus if 
salivation is inhibited for a long period, as 
occurs in certain fevers, the mouth tends to 
foul, unless it 1s washed at frequent inter- 
vals. The continuous flow of saliva also 
lubricates the tongue during speech; if the 
saliva does not flow properly the tongue 
is apt to “cling to the roof of the mouth.” 

THE SALIVATION REFLEX. The main flow 
of saliva occurs at mealtimes; and the activ- 
ity of the salivary glands is controlled en- 
tirely by the nervous system. Other digestive 
glands (see p. 306) are also activated by 
hormones, which exert a slower and more 
sustained effect. But the flow of saliva must 
occur very rapidly, while the food 1s in the 
mouth. Accordingly, salivation is entirely a 
reflex act, which is effected through the nerv- 
ous system. 
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The main receptor-conductor-effector path- 
way of a salivation reflex is shown in Figure 
16-17. All flow of saliva ts abolished if the 
MOler Nerves toctheselancds <iresevered OF 11 
the brain is damaged in the region of the 
sulinacion. centers. This €x periment proves 
that the entire output of the glands is con- 
trolled by the nervous system; that 1s, 70 
hormone 7s involved. 

The salivation reflex was used by the well- 
known Russtan physiologist, Pavlov, in’ his 
Cail Studies con: vellexes- general. avioy 
worked on dogs in which the ducts of the 
salivary glands were brought to the outer 
surface of the cheeks, thus permitting him 
to observe the flow of saliva whenever a suit- 
able strmulus was applied. These studies led 
Pavlov to draw a distinction between the 
two main kinds of reflexes: (1) conditioned 
reflexes and (2) unconditioned reflexes. 

If food, or anything associated with food, 
is shown to a very young puppy, or child, 
no salivation occurs, but the saliva promptly 
flows if anything—even a tasteless object—is 
placed directly in the mouth. This shows 
that the primary receptors of the salivation 
are localized in the ‘These 


rellex nrouth, 


UPPER PART OF BRAIN 


RECEPTORS 
(TASTE BUDS) 


primary receptors are mainly the taste buds 
(p. 121), although the tactile receptors of the 
oral mucosa play a minor role. This type of 
reflex, which can be elicited in the absence 
of any previous training or conditioning, 1s 
called an unconditioned reflex. But Pavlov 
showed that in trained, or conditioned, ant- 
mals, other types of stimuJation—or more 
precisely other receptors—can be substituted 
for the primary receptors. Thus in older dogs 
or children, the sight or smell of lood—or 
sounds associated with food—will cause the 
“mouth to water.” These conditioned re- 
flexes result from a frequent association be- 
tween stimulh affecting the primary receptors 
and stimudi acting upon other (secondary) 
receptors of the body. After a period o! con- 
ditioning, salivation is obtained merely by 
sounding a bell that previously was rung 
each time a puppy was fed, or by showing 
any object that has been displayed at each 
feeding during the conditioning period. Thus 
in man and other animals, the salivation of 
an older individual represents a dual reflex. 
It is partly an unconditioned rellex, elicited 
be the toed thie is-actwaily im die anouthe 
and partly a conditioned reflex, resulting 
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Diogrom showing one of the pathways of the salivotion reflex. Such a 


typical reflex involves a series of nerve cells, which convey impulses from the re- 
ceptors, via the central nervous system, to the effectors. 


from the sounds, sights, and smells that are 
regularly associated with eating. 

The Pharynx and Esophagus. Most of 
man’s digestive organs lie in the abdominal 
cavity, that is, below the diaphragm; and the 
pharynx and esophagus carry the food 
quickly through the neck and thorax to the 
stomach (Fig. 16-11). 

The pharynx is a very complex portion of 
the digestive tract, which conducts not only 
food from the mouth to the esophagus, but 
also air from the nasal passages to the 
trachea (Fig. 16-11). The pharynx originates 
immediately behind the palate, where the 
nasal passages join the digestive tract, and 
terminates in the upper part of the neck, 
where the trachea forks off from the food 
passage (Fig. 16-11). Moreover, the pharynx 
communicates with the middle ear chamber 
via the paired Eustachian tubes. The upper 
part of the trachea, where the wall is re- 
inforced by a conspicuous housing of carti- 
lage, is called the larynx, or Adam’s apple” 
—in which he the vocal cords. The opening 
that conducts air from the pharynx to the 
larynx is a narrow channel, the glottis (Fig. 
16-11), above which hes a valvelike flap, the 
epiglottis. 

The esophagus, or gullet, is a thick-walled 
muscular tube that leads straight downward 
through the neck and thorax, from the 
pharynx to the stomach. The muscular layers 
of the esophagus are well developed—being 
composed of skeletal muscle, in the upper 
third of the tube, and of visceral muscle, in 
the lower two-thirds of the length. 

Swallowing is a complex series of uncon- 
ditioned reflexes that sweep the bolus of 
food rapidly from the mouth to the stomach. 
The tongue initiates swallowing by molding 
the food mass into a bolus and projecting the 
bolus from the mouth into the pharynx. 
This part of the reflex is under voluntary 
control, but the succeeding events, once 
started, cannot be stopped at will. 

When a bolus comes in contact with the 
wall of the pharynx, it initiates a series of 
reflex movements that (1) closes off the air 
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passages and (2) propels the bolus into the 
esophagus. The soft palate is elevated, clos- 
ing off the nasal passages, and the larynx 1s 
raised, bringing the glottis under cover of 
the epiglottis and posterior part of the 
tongue. Then, while the tongue is pressed 
firmly against the roof of the mouth, the 
whole pharyngeal wall constricts, forcing the 
bolus into the esophagus. 

In the esophagus the bolus is seized by a 
wave of muscular movement, which sweeps 
downward toward the stomach. This wave- 
like type of movement is called a peristaltic 
wave, and is a characteristic movement in 
most parts of the digestive tract. Each typical 
peristaltic wave represents a slowly moving 
wave of constriction, involving only a short 
length of the wall of the digestive tract; but 
a similar wave of dilatation runs along the 
tract, immediately in front of the wave of 
constriction (Fig. 16-18). The constriction 
represents a contraction of the circular layer 
of the muscularis, which squeezes the bolus 
before it; and the dilatation, which chiefly 
involves the longitudinal muscle, paces along 
ahead of the bolus, opening the tube at each 
moment to receive the moving food. In the 
esophagus the waves are unusually rapid, so 
that the food takes only about 6 seconds in 
passing through the esophagus to the stom- 
ach. Liquids are swallowed even more 
quickly, because the esophagus tends to re- 
main dilated while liquids are being swal- 
lowed, allowing them to flow mainly under 
gravity. 

The Stomach. The stomach is a_thick- 
walled muscular sac, which plays a very im- 
portant role in digestion. The muscularis of 
the stomach contains a layer of diagonal 
fibers, in addition to the circular and longi- 
tudinal layers, and the gastric mucosa 1s 
pitted with a great number of simple glandu- 
lar outpocketings, the gastric glands. While 
the food remains in the stomach it 1s churned 
and mixed with the gastric juice, and the 
stomach does not pass its contents on to the 
small intestine until the meal has been 
thoroughly liquefied as a result of many 
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changes. The emptying of the stomach 1s 
relatively rapid (about 10 minutes) in the 
case of a drink of plain water; but some 
menls nay: take 3: 1o- 4 Shouts: an, passe 
through the stomach, depending on the qual- 
ity and quantity of the food. 

The Size and Shape of the Stomoch, The 
capacity of the stomach varies according to 
its contents, and during the ingestion of a 
meal the muscular wall is capable of expand- 
Ing tou Maximum capacity of about 3 quarts, 
mm an average individual. Then during the 
digestion of the meal, the stomach gradually 
shrinks, as the semnidigested food is passed, 
fides by ite sincoethe small amntescne. Fin: 
ally the gastric cavity is practically obliter- 
ated, whereupon further peristaltic waves, mn 
which the stomach merely squeezes down 
upon itself, give rise to “hunger pangs,” and 
it 1$-tiine to eatarain, 

The anatomy of the stomach is best de- 
scribed in terms of the half-filled organ such 
as 1s outhned in Figure 16-19, Such a stom- 
ach is distinctly J-shaped, and permits one to 
identify the three main parts of the stomach. 
(1) The fundus is a small, bulbous, gas-filled 
chamber, which occupies the vertical limb of 
the J, above the opening from the esophagus; 
(2) the cardiac region consists of the re- 
minder of the vertical limb; (3) the pyloric 





Fig. 16-18. Peristalsis in the esopha- 
gus. Three stages in the downward 
movement of a semisolid bolus of food 


are shown. 


region extends irom the “bend of the J” to 
the point where the stomach joins the duo- 
denum, or first part of the small intestine. 
Guarding the entrance and exit channels of 
the stomach are ringlike bands of muscle: 
(1) the cardiac valve, which encircles the 
esophageal opening and prevents a regurgita- 
tion of food into the esophagus; and (2) the 
pyloric valve, which prevents food from pass- 
ing out of the stomach into the duodenum, 
until the proper time. Both of these valves 
are typical sphincter valves, such as are found 
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Fig. 16-19. The stomach and duodenum in relation 
to the liver and pancreas in man. 


in other regions of the digestive tract— 
namely, at the point where the small intestine 
leads into the large intestine, and at the 
anus. Essentially, a sphincter represents a 
local thickening of the circular layer of the 
muscularis, which contracts and closes the 
passage, except at certain times, when the 
valve relaxes and allows the food mass to 
pass. 

Nerve Supply of the Stomach. Like all the 
other viscera, or internal organs of the body, 
the stomach is supplied by two sets of nerves, 
both belonging to the autonomic nervous 
system (Chap. 25). These two sets of auto- 
nomic nerves have an antagonistic effect 
upon the gastric musculature and upon the 
secretion of the gastric glands. The parasym- 
pathetic fibers (p. 465) are carried to the 
stomach by the vagus nerves, which originate 
from the brain stem and pass along the sides 
of the esophagus to the stomach and small 
intestine. Impulses from these parasympa- 
thetic fibers augment—that is, strengthen 
and accelerate—the gastric movements and 
increase the secretion of the gastric glands. 
But in addition, the stomach receives a num- 
ber of delicate sympathetic nerves from the 
spinal cord (p. 465); and these sympathetic 
fibers depress the mobility of the gastric 
musculature and reduce the flow of gastric 
juice. 

The Gastric Juice. The gastric juice is a 
powerful digestive fluid secreted by the gas- 
tric glands, of which there are about 35,000,- 
000 in the human stomach. Each gastric 
gland is a minute tubular outfolding of the 
mucosa, although several glands may be asso- 
ciated with each of the small pits that can be 
observed with a hand lens, when the inner 
lining of the stomach is inspected (Fig. 16-13). 

Two early studies on human gastric juice 
deserve to be mentioned specifically. In 1776 
Spallanzani demonstrated the chemical po- 
tency of the juice; this was important be- 
cause previously the action of the stomach 
upon the food was thought to be entirely 
mechanical. Spallanzani swallowed porous 
wooden capsules filled with meat and other 
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protein foods; and when the capsules were 
reclaimed and examined, it was found that 
the proteins gradually had dissolved and 
escaped from the capsule—despite the fact 
that the food was entirely protected from 
mechanical influences by the rigidity of the 
capsule walls. Then in 1819 William Beau- 
mont, an American Army surgeon, began a 
long series of studies on a patient with an 
unusual gastric fistula. A fistula is an arti- 
ficial channel communicating between a part 
of the digestive tract and the exterior of the 
body. In the present case, the patient was a 
Canadian trapper named Alexis St. Martin, 
who had exploded a shotgun into the pit of 
his stomach. The charge penetrated not only 
the body wall, but also the stomach wall; 
and when the wound healed, the stomach and 
body walls adhered together, leaving a per- 
manent fistula that led directly into the 
gastric cavity. A flaplike overgrowth of the 
body wall covered the external opening so 
that food could be retained in the stomach 
and normal gastric digestion could proceed. 
At any given time, however, the valvelike 
flap could be lifted, permitting Beaumont to 
obtain a sample of the semidigested food 
mass or to collect pure gastric Juice—uncon- 
taminated with food. 

Composition of Gastric Juice. The collection 
of gastric juice by means of a stomach tube 
is now a routine procedure, carried out by 
the physician in the clinic or by the medical 
student in the physiology laboratory. An out- 


Table 16-2—Composition of Gastric Juice 


Percent 
Components by Weight 
Inorganic 
Rh ies oe ie ces Sn. 98.02 
Hydrochloric acid (HCI) .... 0.50 
SEES cx cet encanto a oer Ware eee, 1.03 
Organic 
Mucin 
Enzymes (pepsin, rennin, lipase) 0.45 
Other proteins 
100,00 
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standing characteristic of the gastric juice is 
LiSeentnenie actly soi lear Ono \e<aanel 2 
complete analysis of the juice shows the 
average composition given in Table 16-2. 

Functians of the Gastric Juice. The digestive 
functions of the gastric juice are all related 
to its envymes, Of which pepsin is the most 
Important. This very potent protease is 
especially xictive in the initial stiges ot the 
hydrolysis of proteins. Pepsin hydrolyzes each 
large protein molecule into a number ol 
smaller molecules, mainly long-chain pep- 
tides; and this reaction, as catalyzed by pep- 
S117, Mly be written: 


1 mol protein 


a 


X mol water 
HCl pepsin 


X mol peptides 


(mainly lang-chain) 


Specifically, pepsin is a powerlul endo- 
pepudase, which achieves a rupturing of 
peptide bonds, not at the ends of the protem 
chain, but at definite points along its length. 
In Jact, it is only the linkages adjacent to two 
specific amino acids, namely, tyrosine and 
phenylalanine (p. 102), which are susceptible 
to the hydrolytic action of pepsin. But the 
net result of the action of pepsin in the stom- 
ach is the conversion of the various complex 
and frequently insoluble proteim components 
of the ingested lood into much simpler 
soluble compounds. Thus when a mass of 
coagulated egg albumen is incubated at body 
temperature in a test tube containing gastric 
Juice, the material dissolves within abont 
halt aa how, waned sartuble tests prove Uist 
each of the large molecules of albumen has 
decomposed into about 100 smaller mole- 
cules, which can be identified mainly as long- 
chain peptides. 

The presence of the acid is essential to the 


activity of pepsin; neutralized gastric juice 
displays very little peptic activity. The en- 
zyme pepsin, as secreted by the cells of the 
gastric glands, is in an Inactive form, called 
pepsinogen; but pepsinogen is converted 
Into pepsin when it comes into contact with 
an acid medium. The hydrochloric acid also 
augments the activity of the other enzymes 
of the gagéric juice; und perhaps the germi- 
cidal properties of this acid are important in 
counteracting infective bueteria ingested with 
the Food. 

In Mammalia, the gastric juice contains 
an envyme, rennin, which acts solely upon 
caseinogen, the maim protein present in milk. 
When nnulk, which is the main diet of all 
young Mammals, comes into contact with the 
gastric juice, the milk is curded immediately. 
Essentially curding represents a chemical re- 
action whereby the soluble protein caseino- 
gen is converted to an insoluble protein, 
casein, which comes out of solution as a fine 
flocculent precipitate. This action is impor- 
tant, because curding delays the passage of 
the milk through the stomuch, allowing time 
lor pepsin to digest the casein to the same 
extent as other proteins. Were the milk to 
remain mi its native thud state, it would be 
evacuated too quickly from the stomach, 
since fluids such as water are passed on to 
the small intestine within a few minutes after 
they ure drunk. Since ancient times, rennin 
extracts Trom_ calves’ have been 
used in making certain cheeses; and the ac- 
tive component ol modern “junket” prepara- 
tions is rennin. 


stomachs 


The presence of lipase in the gastric juice 
is debatable; at best the gastric lipase has a 
very weak Jat-splitting action,  eftective 
miatinly upon finely emulsified fats, such as 
milk and cream. In adults, tf adequate pre- 
cauuions ure taken against a contamination 
of the gastric juice by juices regurgitated in- 
to the stomach from the small intestine, little 
any Iipase activity can be detected in the 
Gastric Juice. 

Control of the Flow of Gastric Juice. The total 
quantity of gastric juice produced during 


the digestion of an average meal ranges usu- 
ally between 400 and 800 cc. This copious 
flow is induced partly by a series of well- 
defined reflexes and partly by a hormone 
called gastrin. The flow of gastric juice com- 
mences at the very beginning of a meal, and 
this early secretion of juice is mainly of reflex 
nature. But the gastric juice continues to 
flow until shortly after the stomach is emp- 
tied, and this late sustained secretion is 
effected mainly by the gastric hormone. 
Pavlov was one of the first investigators to 
study the secretion of the gastric juice, and 
he devised the experimental techniques that 
are shown in Figures 16-20 and 16-21. If a 
dog with an esophageal fistula (Fig. 16-20) is 
fed, the food of such a “sham feeding’ never 
reaches the stomach. Nevertheless about one 
quarter of the normal flow of gastric juice 
takes place. This fraction of the total gastric 
juice is entirely reflex in origin, since it is 
abolished when the gastric nerves are cut. 
Like salivation, this gastric reflex is partly 
unconditioned, involving the taste buds as 
primary receptors, and partly conditioned, 


Fig. 16-21. Upper drawings show Povlov’s 
method af fashioning a gastric pouch, or 
miniature stomach. A_ harizontal incisian 
(A-B) is made, which causes minimal in- 
jury ta the gastric nerve and blaod supply. 
(D) vagus nerves. The flap (C) is turned 
down and the pouch (S) isalated (by 
sutures) from the main cavity of the 
stomach (V) as shawn in the right-hand 
sketch. (A) abdominal wall. The lawer 
drawing illustrates the manner in which 
pure gastric juice can be callected from 
the miniature stamach while digestian is 
praceeding in the part of the 
stomach. (From The Living Body, by Best 
and Taylar. Holt, Rinehart ond Winston, 


Inc.) 


main 
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Fig. 16-20. Showing an esophageal fistula, used in 
“sham feeding” experiments. (From The Living Body, 
by Best and Taylar. Holt, Rinehart and Winstan, Inc.) 


involving other receptors of smell and sight, 
etc., as substitutes for the taste buds. 
Isolating a small part of the stomach, called 
the Pavlov pouch (Fig. 16-21), and leading 
this pouch to the external surface of the 
abdominal wall permitted Pavlov to observe 
the flow of gastric juice under a variety of 
conditions. Introducing food directly into 
the stomach—without allowing the animal 
to taste, smell, or see the food—calls forth 
almost three-quarters of the total normal pro- 
duction of the juice. This flow, which results 
from the mere presence of food in the stom- 
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ach, is controled only in small part by a 
reflex mechanism, since cittting all the gastric 
nerves merely reduces this fraction. Accord- 
ingly, 1t may be concluded that a large part 
of the production of the gastric juice is con- 
trolled by some other mechanism, and _ this 
provect to be the hormone gastrin. 

Gastrin is formed in the mucosa of the 
pyloric part of the stomach, and 1s discharged 
into the blood stream whenever the semi- 
cligested food mass comes into contact with 
this mucosa. If an extract of the pyloric 
mucosa is prepared and injected into the 
blood, the gastric glands begin to secrete 
shortly after the injection. Complete proof 
of a hormonal agency in normal gastric secre- 
tion depencs, however, upon cross-circula- 
tion expermments. The Pavlov pouch remains 
In continuity with the other parts of the 
stomach, and so it is not certain that all the 
nerves to the pouch can be cut. But if the 
blood streams of two dogs (A and B) are con- 
nected artificially, by mutual junction estab- 
lished between the major arteries (Fig. 16- 
22), any substance present in the blood of 
cog A must sooner or later be carriecl over 
into the blood of dog B. In this case there 





is no possibility that nerve connections exist 
between the organs of the two animals. 
Nevertheless, when food is placed in the 
pyloric stomach of dog A, the gastric glands 
of dog B—as well as those of A—begin to 
secrete, after a short lag. This secretion must 
be effected by some substance carried by the 
blood, and this is the hormone called gastrin. 

Some flow of gastric Juice contimues after 
the stomach is emptied—that is, while the 
digesting food is passing through the first part 
of the small intestine—but this activity of 
the gastric glands has not been studied ade- 
quately. Possibly amino acids, sugars, and 
other products of digestion, which begin to 
be absorbed into the blood from the small 
intestine, exert an mnfluence upon the gastric 
glands; or perhaps this final flow depends 
upon a reflex or a hormone that has not yet 
been recognized. 

The Churning Movements of the Stomach. 
Each meal remains in the stomach until it 
has been thoroughly liquefied and converted 
into a smooth thick fluid called chyme. 
Chyme has the consistency of a heavy cream 
soup. The transformation of the ingested 
food mass into chyme depends partly upon 





Fig. 16-22. By connecting the neck 
arteries (carotids) of two dogs with 
rubber tubing, os shown, the blood 
flows through both animals alike in 
the course of its travels. Such ‘‘cross- 
circulation” experiments are  espe- 
ciolly useful in demonstrating control 
of body activity by chemicals circu- 
lating in the blood stream. 


the chemical properties of the gastric juice 
and partly upon mechanical changes induced 
by the churning action of the gastric mascu- 
lature. 

The churning movements are confined 
mainly to the pyloric part of the stomach, as 
is shown in x-ray photographs of the stomach 
during the digestion of a barium meal. The 
barium compounds mixed with such a meal 
are Opaque to x-rays, and the barium-laden 
chyme throws a shadow, outlining the stom- 
ach contents on the photographic plate (Fig. 
16-23). Thus it may be seen that during ac- 
tive digestion the pyloric mill is very active, 


The Digestive System - 309 


while the body of the stomach remains more 
or less passive. As digestion proceeds, how- 
ever, the body gradually shrinks as it slowly 
passes its contents into the actively churning 
“pyloric mill.” 

Essentially, the churning of the pylorus 
represents a series of regularly recurrent 
peristaltic waves that sweep toward the 
pyloric valve. However, this valve remains 
tightly closed until the chyme is thoroughly 
liquid, and consequently the waves merely 
sweep the food mass back and forth in the 
“pyloric mill,’ untl the valve begins to open. 
When the chyme is thoroughly liquefied, the 





Fig. 16-23. X-ray photograph showing contraction waves in the human 
stomach. Barium sulfate taken recently in some milk has mode the stomach 
contents visible in the photogroph. Note that the peristaltic waves that churn 
the food mass are most vigorous in the pyloric part of the stomach. A metal 
rod marks the position of the backbone. (Couresty Roentgenology Stoff, 
Billings Hospitol.) 
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pyloric valve begins to open periodically 
(p. 311), allowing small quantities of the 
chyme to squeeve through. When this occurs, 
a new sample of less thoroughly liquefied 
lood is passed on to the pylorus by the bocly 
of the stomach, which thus acts as a reservoir 
for the “pyloric mill.” 

The are co- 
ordinated by nerve nnpulses from the auto- 
nonuc nervous system. Paurasympathetic im- 


movements ol the stomach 


pulses accelerate and strengthen the gastric 
contracuions, whereas sympathetic excitations 
rehind sich were the iMomii. allie Aatter 
action dektys digestion and prolongs the time 
required for the stomuch to empty itsell. 
Consequently emotional states, such as fear 
and worry, which involve a generalized ex- 
citation of the sympathetic system, are to be 
avoided, particularly during and after a 
heavy meal. For some reason, lat-rich meals 
are emptied from the stomach very slowly, 
Whereas meals especially rich in) carbohy- 
drates are evacuated more rapidly than 
usual, 

Factors Involved in the Liquefoction of the 
Meol. A number of factors tend to liquefy 
the food mass and convert if into chyme 
while a meal remains in the stomach. Insolu- 
ble compounds in the lood are transformed 
to soluble compounds: the ptyalin of the 
saliva continues to hydrolize starch into malt- 
ose, especially in the interior of each bolus, 
belore the HC] of the gastric juice permeates 
the mass; and pepsin begins to convert the 
proteins to lreely soluble peptides as soon as 
the food mass ts thoroughly acidified. More- 
over, consicierable awacter, 2m. the lorny ol sit- 
liva and gastric juice, is adcted to the meal, 
and this water mereases the general fluidity, 
in addition to exerting a solvent action upon 
soluble compounds as they are produced 
during digestion. Also the gastric contents 
are gradually warmed by body heat, which 
aceelerates all chemical reactions and pro- 
motes solution. Moreover, this heat melts the 
fatty components of the food, permitting 
them to be emulsified more thoroughly, as 
the chyme is.chummed in the pyloric null” 


Emptying of the Stomach. When the strongly 
acid gastric chyme is thoroughly liquid, it 
is squirted, about a teaspoontul at a time, 
through the pyloric valve mto the first part 
of the small intestine. In lact, the pyloric 
valve begins to relax, allowing some of the 
chyme to piss as soon as the content of the 
mill reaches the proper consistency. The re- 
laxing of the valve appears to be under re- 
HCN: -COMEDOL, the receptors the 
nervous pathway of this reflex have been clal- 
hcult to determine precisely. 

The Small Intestine. The great length of 
the small intestine (Fig. 16-24) is an index of 
Its nportiuice; and in fact the small imtes- 


bit ancl 


tine completes the digestion olf every type ol 
food, and is the site of the absorption of all 
the end proctucts ol digestion. 

All types of glands pour their juices into 
the small intestine. The intestinal mucosa is 
dotted throughout with numerous unicellu- 
Jar mucous glands, and there is a prodigious 
number of simple tubular glands, the in- 
testinal glands, present in the wall of the 
Intestine. But even more important are two 
large compound glands, the liver 
pancreas, which send their juices 
first part of the small intestine, 
origin from the stomach. 


and the 
into the 
near its 


The great absorptive capacity of the small 
intestine depends partly upon the fact that 
it is more than 23 feet long, and partly upon 
fhe tact that us aitternal suriice 1s oreatly 
augmented by the presence of a large number 
of hairlike structures, the imtestinal villi. In 
fact, the internal lining of some parts of the 
intestine has the appearance ol velvet. and 
each hair, or villus, of this lining extends 
mward, making contact with the chyme as 
it passes along the tube (Fig. 16-25). 

On the basis of small differences of struc- 
ture the small intestine 1s subdivided into 
three parts. The first part, the duodenum, is 
only about 10 inches long; but the duo- 
denum B nunportant because it receives the 
bile from the liver, and the pancreatic juice 
from the pancreas (Fig. 16-24). Unlike the 
other cotls of the small intestine. the duo- 
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Fig. 16-24. Abdaminal part of the humon digestive tract (semidiagrammatic). 


denum occupies a fixed position in the 
abdominal cavity, because it is attached dl- 
rectly to the dorsal body wall. All other parts 
of the small gut, in contrast, enjoy some free- 
dom of movement, because they are sus- 
pended to the dorsal body wall by a thin, 
transparent, sheetlike membrane, the mesen- 
tery. This mesentery also provides a connec- 
tion between the intestine and the body wall, 
through which nerves and blood vessels pass 
to and from these otherwise tsolated parts, 





Magnified view of the inside surface of 
the small intestine showing the numerous villi. 


Fig. 16-25. 


The second and third parts of the smal] 
intestine are, respectively, the jeyunum and 
the dleum. The jejunum ts about 10 leet in 
length, and displays a greater number of the 
intestinal glands and a lesser number of 
villi than the ileum. The ileum ter- 
minates abruptly in the lower right region 
of the abdominal cavity, at which pornt 
it joins the colon, or large intestine (Fig. 
16-24). 

Relotions of the Duodenum fo the Liver and 
Poncreos. Each small sample of the chyme 
passes from the stomach into the duodenum, 
whereupon it immediately encounters a 
copious flow of both the pancreatic Juice and 
the bile. These two juices flow into the duo- 
denum together, because the bile duct and 
pancreatic duct join each other, forming a 
short common duct that penetrates the duo- 
denal wall (Fig. 16-2+). 

The Pancreatic Juice. The inorganic com- 
ponents of the pancreatic juice are mainly 
water (about 98 percent by weight), and 
various inorganic salts. Among these salts 
there is an unusually high concentration of 
the alkaline salt, sodium bicarbonate, which 
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serves to neutralize the strongly acid chyme 
as soon as it leaves the stomach: 


HCI + NaHCO; 


H.O -+- CO. +- NaCl 


This function is important because all the 
digestive enzymes that act upon foods in the 
small intestine require a neutral or slightly 
alkaline medium Tor optimal activity. 

Four envymes are present in the pancreatic 
juice: two proteases, namely, trypsin and 
chymotrypsin; one pancreatic amylase (ulso 
culled amylopsin); and one pancreatic lipase 
(also called steapsin). 

The two pancreatic proteases are endo- 
peptictases: trypsin and chymotrypsin. These 
enzymes ure particularly effective in the 
“middle range’ of protein digestion; that is, 
in the hydrolytic splitting of long-chain pep- 
tides into short-chain Tragments. Both, how- 
ever, can act on [full-fledged proteins, such as 
may have escaped peptic digestion. The spe- 
cic lytic action of trypsin is upon peptide 
bonds bordering on the amino acids lysine 
and arginine (p. 342); whereas the action of 
chymotrypsin, like that of pepsin, is upon 
linkages next to tyrosine and phenylalanine. 
The main net effect of the pancreatic pro- 
teases, working together, may thus be written: 


Long-choin peptides -+ XH2O 


(alkaline medium) 


trypsin chymatrypsin 


Short-choin peptides 
(tripeptides, tetrapeptides, etc.) 


As collected directly from the pancre- 
atic duct, the pancreatic Juice contains an 
inactive form of trypsin, called trypsinogen. 


The trypsinogen is tranformed into trypsin, 
however, as soon as the pancreatic juice 
begins to mix with the intestinal juice, which 
contains a specific activating enzyme, entero- 
kinase. 

Panereatic amylase (amylopsin) plays a 
very significant role in the digestion of the 
starchy components of our foods, naimely, the 
various kinds of starch and glycogen (p. 80). 
Amylopsin is afforded more time than ptya- 
lin to act upon these compounds, and amy- 
lopsin works more rapidly than ptyalin. As 
in the case of ptyalin, the end product of 
this digestion by amylopsin is maltose. 

Steapsin, or pancreatic lipase, is the only 
truly active pase in the whole gastrointes- 
tinal tract, and in the absence of a proper 
low of pancreatic juice, much of the fat in 
a meal remains undigested and is egested 
with the feces. The hydrolysis of fat, which 
may be written: 


1 mol fat + 3 mol H.O 


(alkaline medium) 


steapsin 


1 mol glycerol + 3 mol fatty acid 


is essential if the fatty components of our 
food are to be properly absorbed and dlis- 
tributed throughout the body. 

The Liver. In vertebrates generally, the 
liver is a comparatively huge organ, and in 
man the liver occupies the whole upper part 
of the abdominal cavity, Just below the dia- 
phragm (Fig. 16-24). In fact the dome-shaped 
diaphrugm, which separates the abdominal 
and thoracic cavities, arches directly over the 
liver, coming into contact with a consider- 
able area on the upper hepatic surface. 

The formation of bile is only one of the 
many functions of the liver (see p. 313). The 
bile is formed in all parts of the liver, and 
is drained into a system of fine ducts that 
permeate the whole organ. These hepatic 
ducts lead the bile to a main duct, but in- 


stead of flowing directly to the duodenum, 
the bile flows back into the gall bladder, 
where it is stored until needed (Fig. 16-24). 
Then later, during the digestion of a meal, 
the muscular wall of the gall bladder con- 
tracts, forcing a stream of bile down the 
bile duct, through which the bile enters the 
small intestine, together with the pancreatic 
juice. While the bile is stored in the gall 
bladder, however, part of its water content is 
absorbed by the walls of the bladder, so that 
bile collected from the bladder is more con- 
centrated compared to the bile that comes 
directly from the liver. 

The Bile. Although it contains 70 enzymes, 
bile plays a very important role in normal 
digestion. The inorganic components are 
relatively unimportant, although the sodium 
bicarbonate of the bile augments the neu- 
tralizing capacity of the pancreatic juice. 
Among the main organic components of 
bile, which include (1) the bile salts, (2) the 
bile pigments, and (3) cholesterol, only the 
bile salts are related to digestion. 

The bile of man has a deep yellow-orange 
color; but the bile of other vertebrates is 
colored various shades of green, yellow, or- 
ange, or red, depending upon the propor- 
tion of bile pigments represented in each 
case. The main bile pigments are a red com- 
pound, bilirubin, and a green one, biliverdin. 
Both of these bile pigments are decomposi- 
tion products derived from hemoglobin. As 
the red blood cells of the body gradually dis- 
integrate and are replaced by new ones, the 
hemoglobin of the disrupted corpuscles, after 
its iron (Fe) content has been salvaged, de- 
composes further, forming the bile pigments. 
These pigments are then carried in the blood 
stream to the liver, where they are excreted 
via the bile into the intestine. In the cliges- 
tive tract, the bile pigments suffer further 
chemical change whereby the color darkens 
to brown or black, and the color of the 
normal stools, or feces, is derived mainly 
from the bile pigments. Thus when the flow 
of bile is stopped, as by a gallstone or a 
catarrhal condition in the bile duct, the con- 
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dition is indicated by the occurrence of a 
whitish, or “clay-colored” stool. Moreover, 
if the bile pigments accumulate sufficiently 
in the blood and tissues, the skin of the 
patient shows a yellowish or jaundiced ap- 
pearance, which confirms the diagnosis that 
bile pigments are not being excreted prop- 
erly. 

The importance of the bile salts is related 
mainly to the digestion and absorption of 
fats. The bile salts serve mainly as emul- 
sifying agents, so that the churning move- 
ments of the intestine are more effective in 
producing a fine emulsion from the fatty 
components of the chyme. In such an emulsi- 
fied state, the fats expose a maximum surface 
on which the pancreatic lipase can act with 
high efficiency. Moreover, the bile salts ap- 
pear to serve as specific activators of steapsin. 

In the absence of bile salts—that is, when 
the flow of bile is stopped—the absorption, 
as well as the digestion, of fatty loods ts seri- 
ously impaired, and a considerable propor- 
tion of fatty foods is lost to the body in the 
feces. In fact, the bile salts act as very effec- 
tive detergents, in that they augment the 
solubility of the fatty acids in the chyme, and 
this greatly increases the absorbability of the 
fatty acids. Moreover, the bile salts are care- 
fully conserved by the body. In fact, the bile 
salts themselves are absorbed in the lower 
parts of the small intestine, and are carried 
back to the liver, which resecretes them into 
the bile. This regular c?rculation of the bile 
salts has been known for many years, al- 
though its significance was realized only in 
comparatively recent times. 

The presence of cholestero] in bile is im- 
portant from a clinical point of view. In cer- 
tain cases, cholesterol precipitates from the 
bile, forming the commonest type of gall- 
stones. The precipitation of such a “stone” 
occurs in the gall bladder while the bile ts 
undergoing concentration, although stoppage 
of the bile flow occurs only when a stone 
finds its way into the bile duct. One factor 
conducive to such gallstones appears to be a 
lowered reserve of bile salts, since these com- 
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pounds also exert a detergent action upon 
cholesterol and help to keep it in solution. 

The Flow of Bile ond Pancreotic Juice. Cutting 
the nerves to the gall bladder and pancreas 
results in only a small reduction in the flow 
of bile and pancreatic juice. Moreover, intra- 
venous injections of extracts of the duodenal 
mucosa are followed by a copious flow of 
these juices, even after all nerves to the 
glands are cut. These and other experiments 
indicate that a hormonal control predom- 
inates for both the gall bladder and the pan- 
creas; and in Lact, two distinct hormones are 
involved: (1) cholecystokinin, for the gall 
bladder; and (2) secretin for the pancreas. 

In the normal course of events, both secre- 
tin and cholecystokinin are liberated by the 
mucosa cells of the duodenum as soon as 
chyme flows from the stomach into the duo- 
denum. The hormones pass in the blood 
stream to all parts of the body; but only the 
gall bladder is stimulated by cholecystokinin; 
and only the pancreas is activated by secretin. 

The Intestinal Juice. The final stages of 
digestion proceed in the jejunum and upper 
coils of the ileum under the auspices of the 
enzymes of the intestinal juice, of which 
there are at least five: two peptidases and 
three disaccharases. Together the two pep- 
tidases, formerly designated as erepsin, com- 
plete the digestion of protein foods by 
splitting off individual amino acids from the 
end position of the peptide chains. On this 
account they are called exopeptidases (Table 
5-1). Each is very specific, however. Carboxy- 
peptidase splits off amino acids at one end of 
the chain, where a carboxyl (—COOH) group 
is exposed; whereas aminopeptidase acts at 
the other end, where an amino (—NH,) 
group is free. 

As to the disaccharases, maltase, sucrase, 
anc lactase act respectively on maltose, su- 
crose, and lactose, hydrolyzing these disac- 
charides into their monosaccharide constitu- 
ents (p. 80). Recent reports indicate some 
lipase activity in the intestinal juice; but the 
potency is not very significant. The imites- 
tinal juice also contains sodium bicarbonate, 


which maintains a slightly alkaline reaction 
in the intestinal chyme, fostering a maximal 
activity of the intestinal enzymes. 

By the time the chyme reaches the lower 
coils of the small intestine, practically all 
digestion is finished and absorption is pro- 
ceeding apace. At the end point of digestion 
the various foodstuffs are entirely converted 
to readily absorbable compounds; the pro- 
teins to amino acids; the carbohydrates to 
monosaccharides; and the fats to glycerol and 
fatty acids. 

Movements of the Small Intestine. Some 
5 to 10 hours are usually required for the 
transmission of a meal through the small 
intestine. During this time the chyme is 
gently churned and gradually moved from 
coil to coil along the length of the small gut. 

The churning movements of the small in- 
testine, as revealed by x-ray studies, are 
mainly of a type called pendular movements. 
These, essentially, are gentle peristaltic waves 
which sweep back and forth without progress- 
ing beyond the hmits of a single loop of 
the bowel. Pendular movements assure a 
complete mixing of the intestinal chyme with 
the cligestive juices. 

To move the chyme forward toward the 
large intestine, there are two kinds ol pert- 
staltic movements: (1) ordinary peristaltic 
waves (p. 303); and (2) peristaltic rushes. 
The waves are relitively slow: (about cm 
per sec), and transient, since they tend to 
fade away after traveling a meter along the 
bowel; but peristaltic rushes are faster (about 
T2-cm. per sec), andathey sweep the bowel 
for considerable distances, sometimes all the 
way from the duodenum to the colon. 

The Colon, Rectum, and Anus. The rela- 
tions of the colon, or large intestine, to the 
other parts of the digestive tract are shown 
in Figure 16-24. This figure also shows the 
positions of the subsidiary parts of the colon, 
which are: (1) the caecum, a large blind 
pocket, which hangs down below the point 
where the small bowel enters the large one; 
(2) the vermiform appendix, a small finger- 
like outpocketing of the caecum; (3) the 


ascending colon, which passes upward on the 
right side of the abdominal cavity; (4) the 
transverse colon, which slants diagonally 
across the abdomen, from the right to left; 
and (5) the descending colon, which passes 
downward toward the rectum, on the left 
side of the body. Just prior to the point 
where the large intestine joins the rectum, 
the descending colon displays a marked bend, 
the sigmoid flexure. One muscular valve, the 
ileocaecal sphincter, guards the opening of 
the ileum into the caecal portion of the large 
intestine; and two valves, the anal sphincters, 
close off the anal passage except when eges- 
tion is about to occur. 

When the residual food mass reaches the 
colon, most organic compounds, as well as 
considerable quantities of water, have been 
absorbed (p. 310). However, the mass is still 
very fluid when it reaches the ileocaecal valve 
—where it tends to accumulate, pending one 
of the periodic peristaltic rushes that sweep 
the material into the colon. This fluidity is 
not surprising when it is realized that the 
quantity of water absorbed from the food 
mass, while it passes through the small in- 
testine, 1s Just about counterbalanced by the 
water content of the digestive juices that are 
secreted into the small intestine. 

The main function of the colon, aside from 
conducting the residual food mass to the 
rectum and anus, is to absorb water from the 
mass, conserving this water for the use of 
the body. Aquatic vertebrates, in which water 
conservation 1s not a serious problem, do not 
possess a very well-developed colon, but in 
terrestrial forms the colon is usually more 
conspicuous. The contents of the large bowel] 
move very slowly, and usually about 12 to 14 
hours are required for a given sample of the 
food mass to traverse the colon. Thus time 
is allowed for water absorption; and usually 
the fecal mass, when it reaches the descend- 
ing colon, displays a plastic semisolid con- 
sistency. 

This lag in the passage of the food resi- 
dues through the colon accounts, at least 
partially, for the very large growth of bac- 


The Digestive System - 315 


teria that are always found in the large in- 
testine. In fact, these bacteria represent as 
much as 50 percent of the dry weight of the 
normal feces. The colonic bacteria thrive— 
under ideal conditions of warmth, moisture, 
and darkness—upon such remnants of pro- 
teins, carbohydrates, and fats as may escape 
absorption in the small intestine. Ordinarily 
the bacteria inhabiting the colon are non- 
pathogenic; that is, these bacteria are neutral 
parasites for which man has been a host for 
many centuries. 

The proteolytic, or putrefactive, bacteria 
of the colon produce a variety of nitrogenous 
compounds in the course of their digestive 
and metabolic activities, and some of these 
products are highly toxic and odoriferous. 
Formerly it was thought that these nitroge- 
nous compounds might be responsible for the 
unpleasant symptoms of “autointoxication”’; 
but more recent studies indicate that these 
substances never reach toxic concentrations 
in the general circulation (see p. 343). 

Movements of the Large Intestine. “Iwo 
types of colonic movement have been de- 
scribed: (1) feeble, sluggish, peristaltic waves, 
which gradually advance the food residue 
through the ascending and transverse loops; 
and (2) vigorous peristaltic rushes, which 
periodically evacuate the contents of the 
whole colon into the rectum. Ordinarily the 
rectum remains empty of feces until a few 
moments before defecation 1s to occur. 

The various movements of the large and 
small bowels are coordinated by autonomic 
reflexes (p. 465). Peristaltic waves may be 
initiated by any local distention of the gut— 
as by an accumulation of the digesting food 
mass, or by artificially stretching the wall by 
the inflation of a rubber balloon placed in 
the lumen. A particularly vigorous peristaltic 
rush, involving a large part of the small in- 
testine, as well as the transverse and descend- 
ing loops of the large intestine, frequently 
accompanies the ingestion of a new meal. 
This reflex, which 1s called the gastrocolic 
reflex, sweeps the food remnants from the 
colon into the rectum. In fact, this filling of 
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the rectum normally generates the “desire to 
defecate,” tends to follow certain 
meals, according to the habits of the indi- 
vidual. Phe headache and other discomfitures 
of “constipation” appear to be associated 


which 


with a prolonged and unnatural distention 
of the rectum by packed leces, when defeca- 
tion fails to occur at proper intervals. All the 
symptoms of the condition can be duplicated 
in man by merely packing the rectum with an 
Inert mass, such as sterile cotton. This indi- 
cates that the discomfiture arises not from 
toxins absorbed from the gut, but from a 
reflex irritation of the nervous system. 
Different move- 
ments—that is, vigorous and enduring peri- 


cathartics mitiate mass 
stalac rushes in the small and large intestines 
—im various ways. Certain drugs (for exam- 
ple, castor oil) strongly irritate the nerve 
endings in the mucosa of the tract, and these 
nerve endings are the receptors of the power- 
ful reflex movements that follow. Salts (lor 


example, magnesium sulfate) have a double 


action. In the high concentrations used, they 
irritate the gastrointestinal receptors; but 
more important still, a hypertonic solution of 
such a relatively nonabsorbable salt tends to 
hold water in the digestive tract, keeping the 
food mass abnormally fluid even after it 
passes through the colon. The third type of 
cathartic (for example, drugs such as cas- 
cara) acts upon the reflex centers in the cen- 
tral nervous system (medulla), sensitizing 
these centers to discharge motor impulses to 
the musculature of the mtestinal tract. 

Regular use of any type of cathartic is to 
be avoided, because all types are to some ex- 
tent habit forming and at least slightly dele- 
terious to the normal digestive and absorp- 
tive functions. In almost all cases constipation 
can be avoided by regularizing the deleca- 
tion habit, bringing it into synchrony with 
the normal autonomic reflexes of the gastro- 
intestinal tract; and in rare cases when this 
procedure is ineffective, a qualified physician 
should be consulted. 


TEST QUESTIONS 


}. Gastric vacuoles, which are characteristic of 
unicellular animals generally. have persisted 
among primitive miuticellular animals. Ex- 
plain, ciang at least two specific examples. 


ro 


Describe the processes of ingestion and di- 

gestion as they occur in Hydra. 

3. Tubular digestive tracts tend to display more 
difterentiation than saccular tracts. Explain 
this statement, basing the discussion on the 
digestive tracts ol Hydra and the earthworm. 

4. Explain the importance of the coelomic cav- 

ity in relation to the “digestive movements” 

of an animal. 


cr 


Diagram the digestive tract of man, showing 
the connections of the vanous digestive 
glands. 

6. Describe the genera] similarity of histological 
structure that 1s found in different parts of 
man’s digestive tract. 

7. Identify and locate: (a) the hard palate; (b) 
the suvnlas ec) goblet. cells~ (d): ‘the gastric 
glands; (e) the intestinal glands; (1) placoid 
scales; and (g) the parotid glands. 

8. Briefly cliscuss man’s dentivon tm relation to 


the teeth of other mammals. especially the 
rodents, herbivores, and carnivores. 


© 


Briefly explain the functions of each juice 

in terms ol its composition: (a) the saliva: 

(b) the gastric juice; (c) the pancreatic AULICE: 

(d) the bile; (e) the intestinal juice. 

10. Assume that a man has eaten a bow! of rice. 
served with sugar and milk. Make a table to 
show the complete digestion ol the carbo- 
hydrate components of this meal. Be sure to 
specify: 

a. all the chifferent carbohydrates present 
in the meal 

b. the enzyme or enzvmes involved in the 
digestion of each compound 

c. the glandular source of each enzyme 

d. the end products produced by diges- 
tion 

e. the part of the digestive tract in which 
the digestion occurs 

J]. Make similar tables assuming that the man 

has eaten: 

a. some olive oil. 
b. some boiled egg albumen (protein) 


13. 


16. 


19. 


Make a labeled diagram showing the con- 
nections of the human pharynx; discuss these 
connections in relation to the swallowing re- 
texes, 
Explain how the mechanisms controlling the 
flow of saliva and pancreatic juice are dif- 
ferent. 
Name three hormones that are important in 
controlling the flow of the digestive juices, 
and in each case specify: 
a. the site of production of the hormone 
b. the gland (or other part) which is spe- 
cifically activated by the hormone 
c. the manner in which the hormone 
reaches the effector organ 
Plan an expermment that would prove that 
the pancreas is activated by a substance (or 
substances) that is carried in the blood 
stream. 
Discuss the innervation of the stomach in 
relation to the gastric movements. 
What is a sphincter valve? Specify four 
sphincters present in the gastrointestinal 
tract of man: explain the different functions 
of these valves. 
Describe the movements of the stomach in 
relation to: 
a. the churning of the chyme 
b. the evacuation of the chyme from the 
stomach 
Explain how the early work of Spallanzani 
and Beaumont contributed to an understand- 
ing of the composition and functions of the 
gastric JUICce. 
How did Pavlov prove that seeing, smelling, 
and tasting food elicit a flow of gastric juice 
even when the food doesn’t reach the stom- 
ach? How is this part of the secretion effected? 
What is rennin? What important role is 
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played by rennin in the digestive processes of 
man and other mamnius¢ 
Make a labeled diagram to show the essen- 
tial relations of the duodenum to the stom. 
ach, pancreas, and hiver. 
The gastric chyme is highly acid, whereas the 
intestinal chyme is definitely alkaline. Ex- 
plain precisely where and how this transition 
is effected, and why it is important. 
Explain the relation between: 

a. the blood pigments, bile pigments, and 

fecal pigments 
b. the bile pigments and jaundice 
c. the “concentrating function” of the 
gall hladder and gallstones 

d. gallstones and the hile salts 
Describe and explain the circulation of bile 
salts. 
Describe the movements of the small intes- 
tine and explain their significance. 
Differentiate between: (a) trypsin and chy- 
motrypsin; (b) trypsin and trypsinogen; (c) 
casein and caseinogen; (d) endopeptidases 
and exopeptidases. 
For each of the enzyme groups mentioned 
in Question 27, give an example and specify 
the catalyzed reaction. 
Compare the movements of the small and 
large intestines. 
Make a carefully labeled diagram showing 
the relations of the colon to the ileum, cae- 
cum, appendix, rectum, and anus. 
Briefly discuss: (a) the functions of the colon; 
(b) the importance of the colonic bacteria. 
What is the gastrocolic reflex and how is it 
related: (a) to defecation; (b) to the symp- 
toms of “‘autointoxication”’? 
Specify three different kinds of cathartics 
and explain the mode of action of each. 


READINGS 
3. The Machinery of the Body, by A. J. Carlson 


and V. Johnson; Chicago, 1953. 


U=The Carculatory System 


LARGE animals could not exist without an 
effective circulation. Foods from the diges- 
tive tract must be carried to all the cells of 
the body, and the respiratory gases must be 
transported between the various tissues and 
the breathing organs. Metabolic wastes have 
to be collected and brought to the excretory 
organs; and hormones and other special sub- 
stances must be distributed throughout the 
body without delay. Diffusion and osmosis 
alone are much too slow to fulfill these needs, 
except in very small and simple animals such 
as Hydra. Accordingly, all larger animals 
have developed one or more circulatory 
fluids, which are forcefully pumped through- 
out the body for the transportation of neces- 
sary substances. 


DIRECT CIRCULATIONS; HEMOLYMPH 


Some lower animals possess only one circu- 
latory fluid, the hemolymph, which performs 
the functions of both the blood and _ the 
lymph of higher forms. Hemolymiph fills the 
tissue spaces, coming into contact with the 
cells; and thus the hemolymph carries ma- 
terials directly to the cells. 

Planaria and the other flatworms (p. 635) 
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possess a very simple hemolymph system. The 
hemolymph of Planaria flows through the 
intercellular spaces that permeate the loosely 
packed mesodermal tissues. No heart 1s pres- 
ent to pump the body fluid; but the hemo- 
lymph flows irregularly back and_ forth 
throughout the body, as a result of the mus- 
cular movements of the worm. Such a slow 
and irregular flow suffices to distribute foods 
to the various tissues, because the gastrovas- 
cular cavity of this animal sends branches to 
all parts. Branches of the excretory system 
also reach all the tissues, so that the meta- 
bolic wastes are not carried very far before 
they are eliminated. Nor is the hemolymph 
very important in the respiration of Planaria. 
The animal is relatively small, and an ex- 
change of gases between the cells and the sur- 
rounding water takes place quite rapidly. 
The hemolymph system of the lobster (p. 
318) and other Arthropoda (p. 654) is some- 
what more complex. The heart of the lobster 
is a hollow muscular sac, which hes in a 
pericardial cavity that is filed with hemo- 
lymph (Fig. 17-1). When the heart expands, 
it sucks in hemolymph through valved open- 
ings, the ostia, which penetrate the cardiac 
wall. Then, when the heart contracts, the 
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Fig. 17-1. 


ostial valves close, and the hemolymph is 
forced out through the arteries to the various 
parts of the body (Fig. 17-1). The arteries 
convey the hemolymph directly to the tissue 
spaces in each organ of the body. Some ar- 
teries go to the enteron and here the hemo- 
lymph passes through the channels in the gut 
wall, absorbing food substances as it flows. 
Large arteries also go to the excretory organs 
(green glands), and while the hemolymph 
filters through these organs, it gives up excre- 
tory wastes collected in other parts of the 
body. In the muscles and other tissues of the 
body, the arteries bring the hemolymph di- 
rectly to the tissues, where it flows out into 
the tissue spaces and so comes into direct 
contact with the cells. The hemolymph pro- 
vides the cells with food and oxygen and 
carries away the waste products of metabo- 
lism. 

In returning to the heart the hemolymph 
of the lobster drains from the tissue spaces 
into the sternal sinus (Fig. 17-1), a large 
channel that leads to the gills. Then, in flow- 
ing through the gills, the hemolymph takes 
on oxygen from the water bathing the gills, 
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Hemolymph circulation of the lobster, as shown in a diagrommatic longitudinal section. 


and gives up carbon dioxide. Finally, the 
hemolymph passes via six pairs of broad 
channels, the branchiopericardial canals, 
back to the pericardial cavity, completing the 
circuit. 


INDIRECT (BLOOD-LYMPH) CIRCULATIONS 


The disadvantage of such direct types of 
circulation is the relatively slow rate of flow. 
Inevitably the flow is slow because the hemo- 
lymph must be forced through irregular 
tissue spaces, where it encounters large re- 
sistance. This difhculty has been circum- 
vented in higher animals by the evolution of 
two circulatory fluids: the blood and the 
lymph. In vertebrates, for example, the 
lymph flows slowly through the tissue spaces; 
but the blood flows at high speed through 
well-defined pipelike blood vessels. 

In such indirect types of circulation, sub- 
stances in the blood can reach a tissue cell 
only indirectly, by diffusing through the wall 
of a capillary and diffusing through the 
lymph to the cell in question. However, each 
tissue of the body is very thoroughly per- 
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meated by blood capillaries to such an extent 
that the total area of the capillaries in our 
muscles alone measures more than 5000 square 
meters. The very rapid flow of blood and the 
t]most instantaneous equilibrrum that takes 
place between the blood and lymph in the 
capillaries al] over the body enables the 
vertebrate circulatory system to cope with 
the distribution problems of the largest and 
most active animals in existence. 


BLOOD 


If mammaltan blood is prevented from 
clotting, 1t will settle on standing, forming 
two main layers. The upper straw-colored 
laver is the fluict plasma, which accounts for 
about 55 percent of the blood volume; and 
the dark-red Jower laver is a densely packed 
mass of cells—the corpuscles. 

The Plasma. The plasma not only serves 
as a vehicle for the blood corpuscles, but it 
also transports a wide variety of substances 
in solution (see Table 17-1). Some of these 
substances—for example, foods and meta- 
bolic wastes—enter and leave the blood 
stream in the different parts of the system: 
but others—such as proteins—remain in the 
plasma quite indefinitely. Some of the pro- 
teins, particularly fibrinogen, play an essen- 
tial role in the clotting of blood (p. 323); and 
all the blood proteins probably help to main- 
tain the osmotic properties of the plasma 
(Pdod): 

Owing to the presence of antibodies, blood 
plasma is frequently able to neutralize spect- 
fic poisons, such as the toxins produced by 
infecting bacteria and other parasites. If a 
small dose of rattlesnake venom 1s injected 
into a horse, for example, the plasma of the 
horse—-after several days—is found to con- 
tain a specific antibody capable of neutralt7- 
ing a much larger dose of this venom. Con- 
sequently serum from the treated horse can 
be used to save the life of human snake-bite 
victims. In general, the toxic product that 
elicits the production of an antibody is called 
an antigen; anc virtually all protein com- 


pounds, provided they are foreign to the 
organism producing the antibody, are capa- 
ble of acting as antigens. Antibodies are 
produced in various tissues of the body, but 
they are carried mainly in the blood plasma. 
A significant part of the organism’s resistance 
to infectious diseases depends upon the pro- 
duction of specific antibodies, and a lasting 
immunity to certain diseases mndicates that 
some antibodies, once they have been formed, 
remain in the blood stream more or less 1n- 
clefinitely. 
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Fig. 17-2. Showing the diameter ond thickness of 
o red blood cell. 


The Red Corpuscles. There are from four 
to six million red cells per cubic millimeter 
in the blood of normal human adults, al- 
though in males the count tends to run 
about a million higher than in females. Each 
individual erythrocyte is an extremely small 
biconcave disc with a pale pink color (Figs. 
17-2 and 17-3): but collectively they account 
for the deep red color of the blood. 
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Fig. 17-3. Normal humon blood, showing relotive 
numbers of red ond white cells. A field as lorge ogain 
as thot shown would probably contain no other white 
cell. (From The Living Bady, by Best and Taylor. Holt, 
Rinehort and Winston, Inc.) 


Table 17-1—Main Components 
of Human Blood 


A. Corpuscles 
I. Red corpuscles, or erythrocytes 
2. White corpuscles, or leucocytes 


3. Platelets, or thrombocytes 


B. Plasma 
I. Water (90 percent, by weight) 
Inorganic salts (1 percent) 
Major proteins, 7 percent: serum al- 
bumin (4 percent), serum globulin 
(2.7 percent), fibrinogen (0.3 percent) 
4. Qther substances, 2 percent 
a. Absorbed foods (glucose, amino 
acids, glycerol, fatty acids, neu- 
tral fats, other lipids, and vita- 
mins) 
b. Collected wastes (urea, uric 
acid, and other compounds) 
c. Hormones, enzymes, and anti- 
bodies 
d. Respiratory gases (oxygen and 
carbon dioxide) 


ho 


ee 


The chief function of the erythrocytes is to 
augment the oxygen-carrying capacity of the 
blood. About 50 percent of the weight of an 
erythrocyte represents hemoglobin, an iron- 
containing protein compound. The hemo- 
globin molecule is a fairly large one, having 
a molecular weight of 68,000 and consisting 
of a complex of four heme units (p. 364). 
Each heme unit possesses a single centrally 
localized iron (Fe) atom and can combine 
chemically with one molecule of oxygen 
(O.). Thus the whole hemoglobin molecule 
when fully saturated (at high partial pres- 
sure of O.) can carry four molecules of oxy- 
gen. For the sake of simplicity, however, the 
equilibrium between oxygen and hemoglobin 
is often written: hemoglobin + oxygen 2 
oxyhemoglobin, or: Hb + Oc = HbOg. 

In any event, hemoglobin greatly aug- 
ments the oxygen-carrying capacity of the 
blood. In addition to a small quantity of 
oxygen carried in solution in the plasma 
there is always the much larger quantity that 
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is chemically united with hemoglobin in the 
erythrocytes. 

A majority of vertebrates (fish, amphibians, 
reptiles, and birds) possess erythrocytes with 
typical nuclei. But in man and other mam- 
mals, the nuclei are lost by the cells before 
the erythrocytes are launched into the blood 
stream. Mammalian erythrocytes survive in 
the circulation for an average of only 125 
days, whereupon the aging corpuscles are 
phagocytized by certain tissues, particularly 
in the spleen (p. 335). Accordingly a con- 
stant replacement of red cells must go on, if 
anemia is to be avoided, and, in fact, several 
million new red cells are launched into the 
circulation during every second of man’s 
lite. In adult man the formation of new red 
cells occurs in the hemopoietic tissues of red 
bone marrow; but in the embryo—and in 
lower vertebrates generally—erythrocytes are 
formed in the liver, spleen, and lymph nodes 
(p. 334). A lowered content of hemoglobin in 
the blood—whether due to an abnonmally 
rapid loss of erythrocytes, or to a defective 
formation of the red cells—is called anemia. 
‘The anemia may be due to a variety of causes, 
such as hemorrhage, metal poisoning, 
hereditary fragility of the corpuscles, or in- 
adequate iron in the diet. Inadequate dietary 
iron does not reduce the number of erythro- 
cytes; but the individual red cells are small 
and pale, due to a paucity of hemoglobin. 

In pernicious anemia, the body lacks a 
specific compound that is closely related to 
(perhaps identical with) vitamin By», the 
antipernicious anemia factor (APA). Nor- 
mally this bone-marrow stimulant is stored 
in the liver, and the feeding or injecting of 
beef liver concentrates (or of the purified 
vitamin) brings most cases of pernicious ane- 
mia under control (see p. 353). 

Leucocytes. Ihe white cells of the blood 
(Fig. 17-3) are far less numerous than the 
reds, and they normally total to only about 
6000 to 10,000 per cubic millimeter. All leu- 
cocytes have a colorless cytoplasm and defi- 
nite nuclei. Leucocytes are of various kinds, 
as is shown in Table 17-2, and some kinds are 
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able to leave the blood stream through the 
capillary walls. 

Phagocytosis: Another Defense against 
Infection. Some leucocytes, particularly the 
neutrophils and monocytes, carry on an ac- 
tive defense against bacteria 


pathogenic 


bacteria in large numbers (Fig. 17-4). Also 
the leucocytes tend to surround the infected 
region and to prevent the bacteria from 
spreading. Many white cells succumb to 
toxins produced by the bacteria; and these 
dead leucocytes make up the chief compo- 





Fig. 17-4. 


Leucocyte performing diapedesis, by which it actively pene- 


trates the wall of a capillary blaad vessel, and phagocytosis, by which 
it engulfs bacteria in the tissue spaces. Semidiagrammatic. 


when these parasites manage to enter the tis- 
sues through an open wound. The leucocytes 
migrate toward the wound, passing out 
through the walls of the capillaries in the 
infected area by a process called diapedesis 
(Fig. 17-4). The white cells arrive in force at 
the site of infection, and begin ingesting the 


Table 17-2—The Kinds of 


nent ol pus, as it accumulates at the infec- 
tion. Besides being able to digest the bacteria 
and other loreign particles they have phago- 
cytized, the leucocytes secrete enzymes extra- 
cellularly. These enzymes cligest away the 
dead or dying (necrotic) tissues, especially 
near the external <surtace of. the antection. 


Leucocytes in Man 


A. Granulocytes (polymorphonuclear Jeucocytes); with distinct granules in the cyto- 
plasm; nuclei conspicuously irregular and lobose, or even subdivided; originate from 


bone marrow: 


}. Neutrophils: granules stain with neutral dyes, or with mixtures of acid and 
basic dyes; nucleus, with many lobes, highly motile and phagocytic; very 
numerous, making up about 67 percent of the total white cell count. 

2. Basopliils: granules stain with basic dyes (e.g., methylene blue); nucleus usually 
with two lobes; about 0.5 percent of total whites: nonphagocytic. 

3. Eosinophils: granules stain with acid dyes (e.g., eosin); bilobed nucleus; 3 per- 
cent of total white cell count; nonphagocytic. 


B. Agranulocytes (lymphocytes): cytoplasm, without granules; nucleus rounded; originate 
from lymphoid tissues (lymph glands, spleen, etc.): 


1. Small lymphocytes: about 8 microns diameter; 25 percent of total whites. 
2. Large lymphocytes: about 11 microns: 3 percent of total whites. 
3. Monocytes: about 15 microns; actively amoeboid and phagocytic; 1.5 percent 


of total whites. 


Thus the leucocytes clear a channel to the 
exterior; and through this channel the pus 
and other contents of the abcess may finally 
be discharged. 

The functions of the other leucocytes 
(small and large lymphocytes, basophils, and 
eosinophils) are not clearly understood al- 
though probably they have some relationship 
to disease resistance. In different infections 
different kinds of leucocytes tend to accu- 
mulate in the blood, and consequently the 
physician must obtain a differential white 
cell count, in seeking the diagnosis of an un- 
known infection. 


PLATELETS 





RED CELL 


Fig. 17-5. Human blood platelets, or thrombocytes. 
A red blood cell is shown for comparison. 


Thrombocytes. The thrombocytes, or hlood 
platelets (Fig. 17-5), are smaller and less regu- 
larly shaped than erythrocytes, although they 
resemble erythrocytes in that they are abun- 
dant (about 250 thousand per cu mm) and 
they lack nuclei. The thrombocytes are 
formed from the cytoplasm of certain very 
large cells in the bone marrow, by a process 
of fragmentation. Platelets cannot be seen in 
ordinary shed blood because they disintegrate 
immediately, liberating a substance that par- 
ticipates in clotting. 

Blood Coagulation. Victims of hemophilia 
—a rare hereditary defect of the blood— 
bleed very profusely even from the slightest 
wound. Hemophilic blood fails to clot in the 
normal time (6 to 8 min), but takes an hour 
or more to coagulate. In the absence of a nor- 
mal clot to stop the bleeding, blood con- 
tinues to flow from any ruptured vessel, and 
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the life of the “bleeder” may be endangered. 

The clotting of a sample of normal blood 
involves a series of chemical reactions that 
starts as soon as the blood comes into contact 
with a damaged tissue or with some other 
foreign surface. The main reaction involves 
the conversion of the soluble protein, fibrin- 
ogen, into the insoluble protein, fibrin. The 
fibrin precipitates in the form of a sub- 
microscopic network of interlacing fibrils, 
which holds the other blood components 
within a colloidal mesh (Fig. 17-6). At first 
the clot, or thrombus, is a semisolid mass 
with a gelatinous consistency. But in time the 
fibrin framework shrinks, squeezing a straw- 
colored fluid, the serum, to the surface of the 
clot, which now becomes hard and tough. 
The serum is almost totally lacking in fibrin- 
ogen and displays no further tendency to clot. 

The fibrinogen — fibrin reaction depends 
upon a specific enzyme, thrombase, which is 
also called thrombin. Thrombase itself is not 
present in the circulating blood, but blood 
contains an inactive precursor of the enzyme, 
which is called prothrombase (prothrombin). 
Prothrombase must be converted into throm- 
base before the blood can clot. In the ab- 
sence of ionic calcium, prothrombase can- 
not be activated (except very slowly); and 
this accounts for the fact that coagulation 
does not occur when calcium-precipitating 
reagents (for example, oxalate compounds) 
are added to the blood. 

The conversion of prothrombase to throm- 
base occurs only when another substance, 
thromboplastin, is available. Thrombo- 
plastin is not present in circulating blood, 
but the precursory protein, thromboplastin- 
ogen, has been identified recently as one of 
the normal globulin components of plasma. 
Clotting does not begin, therefore, until 
thromboplastinogen has been transformed 
into thromboplastin. This reaction requires 
the presence of another enzyme (thrombo- 
plastinogenase) which 1s liberated, in shed 
blood, by the disintegration of the platelets. 
Thus, the platelets, which disintegrate when 
blood escapes from a vesse] and makes con- 
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Fig. 17-6. 





Delicote network of fibrin fibers deposited after thrombin (thrombase) has been added to a 


fibrinogen solution. A similar network, formed in normally coagulating whole blood, enmeshes the cor- 
puscles and fluid components and provides the thrombus, or clot, with a considerable degree of solidity. 
The magnificotion in this electronmicrograph is 30,000 diameters. (Courtesy of Clinton Van Zandt Hown, 
Keith R. Porter, and the Rockefeller Institute for Medical Research.) 


tact with a damaged tissue, liberate the en- 
zyme that initiates the whole series of clot- 
ting reactions. First, thromboplastin is pro- 
duced and this (together with ionic calcium) 
leads to the production of thrombase. Then, 
finally, thrombase catalyzes the production of 
the thrombin clot. 

Recent studies on hemophilic blood have 
revealed a very specific defect. Such blood 
contains little, if any, of the normal plasma 
globulin component, thromboplastinogen. 
Now, in fact, the control of hemophilia can 
be achieved by periodic injections of con- 
centrates of the missing protein, which also 
has been called the antihemophilic globulin. 

Although some factors still remain un- 
known, the foregoing account of coagulation 
is substantiated by a large. accumulation of 


evidence. The synthesis of prothrombase 1s a 
well-recognized function of the liver, and 
both prothrombase and thrombase have been 
extracted from blood in highly active. dry 
form. Like other enzymes, thrombase 1s 
readily destroyed by heat (50° C), although 
the precursory protein, prothrombase, 1s 
much more heat stable. “Thromboplastino- 
genase, which normally initiates the clotting 
reactions, appears to come in small part from 
the cells of the damaged tissues; but mainly 
it comes from the blood platelets, which dis- 
integrate whenever blood comes into contact 
with a foreign surface—-except when such a 
surface is exceedingly smooth. Thus if blood 
is drawn directly from a vein into a test tube 
that has been coated mternally with a film of 
oul, coagulation is delayed for an hour or 


more. In this case no contact with the dam- 
aged tissues has been allowed, and the plate- 
lets fail to disintegrate as quickly when they 
come into contact with an oiled surface. 
Anticoagulants. Anticoagulants are com- 
pounds that prevent, or definitely inhibit, 
blood clotting. Citrate, fluoride, and oxalate 
salts all have the common property of remov- 
ing ionic calcium from the blood; and these 
anticoagulants are used very commonly in 
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However, in the case of blood, the reacting 
components are called agglutinogens and 
agglutinins, the agglutinogens being present 
in (or on) the red cells and the agglutinins 
in the plasma. In man’s blood there are two 
agglutinogens, namely A and B, and two 
agglutinins, a and b; and the four main 
blood groups of man are determined by the 
presence or absence of these components, as 
is shown in Table 17-3. 


Table 17-3—Blood Types in Man 


Blood A gelutinogens A gelutinins Can Donate Can Receive 
Groups (2n corpuscles) (in plasma) to from 
A A A, AB O,A 
B B B, AB O,B 
AB A and B none AB O, A, B, AB 
O none a and b O, A, B, AB O 


handling blood for routine analysis. Blood- 
sucking creatures, such as leeches, produce 
organic anticoagulants. Typically these re- 
agents interfere with the formation or activ- 
ity of thrombase, as is the case for hirudin, 
the anticoagulant of the leech. In normal 
circulating blood there appears to be an un- 
identified anticoagulant, but this is neutral- 
ized by thromboplastin when coagulation 
occurs. Also a very powerful anticoagulant, 
heparin, can be extracted from liver and 
muscle tissues. 

Blood Types in Relation to Transfusion. 
Transfusions have saved many lives in cases 
of severe hemorrhage, and in other cases 
where the blood volume falls so low that the 
heart no longer can maintain the circulation. 
But the early history of blood transfusion 
was beset with many tragedies, until 1900, 
when Landsteiner developed an understand- 
ing of the blood types of man. Previously the 
many deaths had resulted from the mixing of 
incompatible bloods, which leads to a clump- 
ing (agglutination) of the red corpuscles and 
consequently to a blocking of the capillary 
circulation. 

The agglutination of blood corpuscles rep- 
resents a typical antigen-antibody reaction. 


When a transfusion is necessary every effort 
is made to find a donor belonging to the same 
group as the recipient. Also, whenever pos- 
sible, a test of compatibility is performed be- 
fore the transfusion is started. However, if 
such a donor 1s not available, the other com- 
binations shown in Table 17-3 may be em- 
ployed. For example, type O, which ts called 
a universal donor, may give blood to a type 
A recipient. In this case, the donor corpus- 
cles, lacking any agglutinogen, are not 
clumped by the recipient’s plasma, and the 
recipient’s corpuscles escape agglutination 
because the agglutinins of the donor plasma 
become so diluted by the plasma of the re- 
cipient that they do not retain much, if any, 
activity. 

The blood types of man and other mam- 
mals are inherited in Mendelian fashion (p. 
481) and do not change during the lifetime 
of the individual. Also, there is another herit- 
able agglutinogen, the Rh factor,! although 
the importance of this antigen was not appre- 
ciated until recently. Among white people, 
about 85 percent of the population are Rh 


1So named because it was first identified in the 
rhesus monkey. 
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positive and complications involving the Rh 
factor do not arise from intermarriages within 
this majority group. After the first child, how- 
ever, the offspring of an Rh positive father 
and an Rh negative mother are endangered 
by the possibility that a reaction will occur 
between the blood of the mother and that 
of the fetus. In this case, the fetus always 
inherits an Rh positive blood, and during 
the first pregnancy the fetal antigen stimu- 
lates the production of Rh antibody in the 
maternal plasma. The production of Rh 
antibody by the mother is not rapid enough 
to produce much reaction in the first child, 
but during another pregnancy a widespread 
agglutination and subsequent destruction of 
the red cells may occur in the fetal blood. 
This condition is recognized as_ erythro- 
blastosis fetalis, a drastic type of anemia 
that may be fatal to the embryo before de- 
livery or to the child soon after. 


THE VERTEBRATE HEART 


Embryologically the vertebrate heart rep- 
resents a highly modified blood vessel with 
thick contractile walls. In man and other 
vertebrates, this special vessel develops in 
the mid-ventral region of the embryo, just 
behind the gill slits. The embryonic heart 
soon differentiates into two muscular cham- 
bers—the auricle and ventricle—which then 
begin to pulsate rhythmically (Fig. 17-7). 

The auricle has a thinner wall than the 


VENTRICLE 


AORTA 


Fig. 17-7. 


ventricle. Each time it relaxes the auricle 
collects blood from the sinus venosus (Fig. 
]7-7); when it is filled, the auricle contracts, 
forcing the blood into the ventricle. ‘Then 
the thick-walled ventricle contracts, forcing 
the blood to flow at high pressure, out into 
the arteries of the body. Valves, situated at 
the entrance and exit points of the auricle 
and ventricle, prevent any appreciable back- 
flow; practically al] the force of the contract- 
ing heart goes to the propulsion of the blood 
in a forward direction. 

The simple two-chambered heart of the 
early embryo is essentially similar to the fully 
developed heart of lower (fishlike) verte- 
brates, in which gills serve as the respiratory 
organs. Lung-breathing vertebrates, however, 
except for the Amphibia, have developed a 
four-chambered heart, with a separate aurt- 
cle and ventricle to pump blood through the 
lungs (Figs. 17-8). Regardless of type, how- 
ever, the heart is essentially a hollow muscu- 
lar chamber that contracts repeatedly, forc- 
ing the blood to circulate. 

Primitive organisms may lack a definite 
heart, or strictly localized pumping organ. 
The earthworm, for example, possesses a 
dorsa] blood vessel, which is contractile all 
throughout the length of the body (Fig. 17. 
9). This elongate blood vessel, together with 
the: five’ pairs of vessels: than ‘encircle’ the 
esophagus of the earthworm (Fig. 17-9), main- 
tains a steady series of contractions that 
propel the blood. The flow is entirely in one 
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An early stage in the develapment of the heart. 
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Fig. 17-8. 
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Stages in the development af the mammalian heart (ventral view). 


Note the resemblance af stages B and C to the fish and amphibian hearts, 
respectively. Alsa see page 284, embryanic develapment of the heart. 


direction, due to the presence of numerous 
valves in the blood vessels. 

The Blood Vessels. The blood vessels of 
an adult vertebrate are defined in relation to 
the heart: arteries lead away from the heart; 
veins lead toward the heart; and capillary 
networks connect the arteries with the veins. 

In man there are two arterial systems: 
(1) the pulmonary system, which carries 
blood from the right ventricle to the lungs; 
and (2) the systemic system, which leads from 
the left ventricle to all other organs in the 
body. The main trunk of the pulmonary sys- 
tem is the pulmonary artery (Fig. 17-10), 
which sends a branch directly to each lung; 
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and the main trunk of the systemic circuit is 
a very large artery, the aorta, which sends 
smaller branches to every part of the body, 
except the lungs (Fig. 17-10). he artery to 
each organ ends in a capillary network that 
permeates all the tissues of that organ. The 
venous system begins as many small tribu- 
taries from the capillaries in the various 
organs, and terminates in the large veins, 
which enter the auricles (Fig. 17-10). In gen- 
eral, the artery to a particular organ runs 
side by side with the vein from the same 
organ, so that the artery and vein are given 
corresponding names (for example, renal 
arteries and renal veins; see Fig. 17-10). How- 
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The main bload vessels af the earthworm. The darsal vessel runs above the 
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Fig. 17-10. Principal blood vessels of man and their 


connections with the heart chambers. Ventral view. 
Be sure to differentiate between the systemic ond the 
pulmonary circuits (see text, p. 327). 


ever, there are many exceptions to this gen- 
eral rule (see Jater). 

Structure of the Blood Vessels. Arteries and 
veins display a similar structure, although 
the arterial wall is thicker and stronger (Fig. 
17-11). Blood pressure is at a maximum as the 
blood is forced from the heart; and the pres- 
sure remains relatively high throughout the 
whole arterial system. Consequently if any 
artery ts cut, the blood tends to spurt out. As 
blood passes through the capillary network, 
however, much of its pressure is dissipated, 
owing to the frictional resistance offered by 
these mucroscopic channels. Consequently 
blood reaching the venous system 1s under a 
relatively low pressure, and 1f a vein ts cut, 
the bleeding is less forceful. Valves, which 
prevent a backflow of blood, are found at 
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fairly frequent intervals within the veins, 
but not within the arteries. 

The same three layers of tisswe are present 
in the walls of an artery and vein, although 
these layers are thicker and more clearly de- 
fined in the artery. The inner layer (Fig. 17- 
11) is the endothelium, a smooth lining of 
squamous epithelial cells, arranged more or 
less like the stones of a pavement. This 
smooth endothelial lining offers a minimal 
resistance to the flow of blood through the 
vessels. The middle layer is a sheath of vis- 
cera] muscle, flanked both inside and out by 
elastic connective tissue; and the outer layer 
is composed of loose connective tissue. ‘The 
fibers of the muscle sheath tend to encircle 
the artery, permitting the artery to change 
its caliber according to the needs of the tis- 
sues at the particular tre. During exercise. 
for example, the arteries to the muscles and 
lungs dilate, thus providing a more abun- 
dant blood supply to these parts during the 
period of extra activity. 

Unless the arterial walls were elastic, the 
circulation could not be maintained on an 
efhcient basis. Each time the ventricle con- 
tracts, it quickly empties its full content of 
blood into the arterial system. This blood 
cannot flow instantaneously through the very 
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Fig. 17-11. Microscapic structure of o small artery 
and vein. Cross-sectional view, semidiagrammatic. 


fine capillary networks, and consequently the 
walls throughout the whole arterial system 
must stretch to accommodate each output 
from the ventricle. Then, in the short in- 
tervals between the beats of the heart, the 
elastic recoil of the stretched arterial walls 
tends to maintain the blood pressure, assur- 
ing a continuous flow in the capillary system. 
In feeling one’s pulse, accordingly, one is 
detecting the rapidly alternating stretching 
and recoiling of the walls of one of the 
larger arteries. 

Both the visceral muscle and the yellow 
connective tissue of the wall contribute to 
the elasticity of the arteries. With increasing 
age, however, the arteries tend to lose their 
natural resilience, partially because of a pro- 
gressive hardening in the older tissues. When 
this occurs the blood pressure rises, since the 
heart works harder to maintain the circula- 
tion. Such a combination of rising blood 
pressure and more brittle arteries has serious 
consequences if an artery breaks and deprives 
a vital organ of its circulation. 

The Capillary Circulation. The aorta sends 
branches to all parts of the body (except 
the lungs), and each organ receives at least 
one larger or smaller branch depending on 
its size and activity. In the organ, a profuse 
branching occurs, and this branching perme- 
ates all the tissues. The initial branches, or 
arterioles, are like the main artery, except 
that they are smaller and have thinner walls. 
Gradually, however, the outer and middle tis- 
sue layers of the arteriole become thinner and 
thinner, until finally only the naked endo- 
thelium remains—and this is the wall of a 
capillary (Fig. 17-12). The diameter of some 
of the capillaries is so small that the blood 
corpuscles must pass through in single file 
(Fig. 17-13). Also the capillary network is so 
extensive in every part of the body that one 
can scarcely suffer the slightest cut without 
drawing blood from the severed capillaries. 

Eventually the capillaries throughout an 
organ begin to join each other, forming 
larger vessels, called venules. The venules, 
in turn, become the tributaries of the one or 
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Fig. 17-12. A capillary. Note that the wall consists 
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ENDOTHELIUM 









lla 


TISS CE 






TYME) TISSUE CELL RED CELL 
Fig. 17-13. Internal respirotion: diffusional exchange 


of gases between tissue cells and blood. 


more veins, which drain blood from the 
organ and return it toward the heart. 


RELATIONSHIP BETWEEN THE BLOOD, 
LYMPH, AND TISSUE CELLS 


As may be seen in Figure 17-13, the blood 
in an organ does not come into direct con- 
tact with the tissue cells. Consequently mate- 
rial exchanges between the blood and the 
cells must involve a passage of substances 
through the capillary walls and across the 
lymph in the tissue spaces. Such exchanges 
go on rapidly and continuously only in the 
capillary parts of the blood system, where the 
walls are sufficiently thin. 
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The exchanges between capillary blood 
and the surrounding tissues of a working 
muscle are typical of such exchanges gen- 
erally. Blood entering the muscle is well sup- 
phed with oxygen absorbed from the lungs, 
and with food compounds absorbed from the 
gastrointestinal tract. The muscle fibers, how- 
ever, contain very little of these substances, 
which are continually consumed in metab- 
olism. Consequently oxygen, glucose, and the 
other nutrients keep passing from the blood 
across the lymph and into the muscle fibers. 
Conversely carbon dioxide and the other 
metabolic wastes tend to reach a relatively 
high concentration in the fibers, where they 
are produced, and so the metabolic wastes 
keep passing from the fibers, through the 
lymph, and into the capillaries. 


SINGLE vs. DOUBLE CIRCULATIONS 


The circulatory system of man and other 
higher vertebrates is a highly modifted and 
improved version of the circulation of the 
lower vertebrates. The general pattern of 
the circulation in primitive vertebrates 1s 
well illustrated by the dogfish (Fig. 17-14). 


This typical form possesses a_ relatively 
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cuit; and in passing through this one circuit 
the blood performs all necessary func- 
tions. 

As may be seen in Figure 17-14, the un- 
aerated (unshaded) blood leaves the ventri- 
cle via a large arterial trunk, the ventral] 
aorta; and there are five pairs of branches, 
the aortic arches, which surround the gill 
clefts and carry the blood to the dorsal aorta. 
Before reaching the dorsal aorta, however, 
the blood must flow through the capillaries 
of the gills, where the blood becomes aerated 
(shaded). 

The branches of the dorsal aorta extend to 
all other parts of the body, carrying aerated 
blood: to the kidneys, digestive tract, and all 
structures in head, trunk, and tail (Fig. 17- 
14). In all these regions the blood must flow 
through a second network of capillaries, and 
as it flows through the various organs, the 
blood returns to an unaerated condition (un- 
shaded in Fig. 17-14). ‘Ihe many smaller 
veins, which collect unaerated blood from 
all parts of the body, empty mainly into four 
large veins: the two precardinal veins, which 
drain the two sides of the head, and the two 
postcardinal veins, which drain the kidneys, 
gonads, and the body wall musculature in 
the tail and trunk. These four major verns 
then empty, via the sinus venosus, into the 







Circulatian af the dagfish. Note that the aerated parts af the system are 


shaded, whereas unaerated parts are unshaded, 


auricle of the heart, thus completing the 
circuit. 

The single circulation of the gill-breathing 
vertebrates—which collects and distributes 
oxygen in one and the same circuit—suffices 
to supply the relatively modest requirements 
of these cold-blooded creatures. However, the 
fact that the heart must force the blood 
against the high resistance of at least two net- 
works of capillaries, before the blood returns 
to the heart, has tended to limit the efh- 
ciency of such a system. 

In the higher (lung-breathing) vertebrates, 
the single circulation has been replaced by a 
double circulation. The birds, mammals, and 
many of the reptiles have developed a re- 
spiratory (pulmonary) circuit that is quite 
separate from the general (systemic) circuit 
of the blood. Such forms possess a four- 
chambered heart. In man, for example, the 
unaerated blood is collected by the right 
auricle and pumped through the lung capil- 
laries by the right ventricle. Then the aerated 
blood returns from the pulmonary circuit to 
the left auricle and is pumped by the /eft 
ventricle out into the systemic circuit. ‘Uhus 
the four-chambered heart (Fig. 17-8) has sepa- 
rate ventricles for pumping blood through 
the pulmonary and systemic circuits, and 
such a heart is able to maintain a more rapid 
circulation. The blood first collects oxygen, 
in passing through the pulmonary capillaries, 
and then it returns to the heart for a new 
impetus, before passing to the capillaries of 
the systemic circuit, where the oxygen is dis- 
tributed. 

The three-chambered heart of the Am- 
phibia (Fig. 17-8) and the incomplete four- 
chambered heart of some of the reptiles rep- 
resent transitional developments, more or less 
intermediate between the lower and higher 
vertebrates. In the amphibian circulation, 
the single ventricle pumps blood through 
both the pulmonary and systematic circuits. 
The unaerated and aerated kinds of blood 
are received by the right and left auricles 
respectively, and sent to the ventricle. To a 
large extent the ventricle keeps the two types 
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of blood separate, sending most of the un- 
aerated through the pulmonary, and most of 
the aerated through the systemic circuits. 
However, there 1s some mixing; and conse- 
quently this kind of system is called an in- 
complete double circulation. 


MAJOR ARTERIES AND VEINS OF THE 
HUMAN BODY 


In the circulation of man, the main arteries 
and veins of the systemic circuit and some of 
the vessels of the pulmonary circuit are pre- 
sented in Figure 17-10. This figure shows the 
postcaval and precaval veins entering the 
right auricle, and the pulmonary artery 
emerging from the right ventricle. Also, the 
figure shows the pulmonary veins returning 
to the left auricle, although this chamber 
lies in front of the pulmonary veins. The 
ventral aorta, and the aortic arch—which 
loops around the pulmonary artery to reach 
the dorsal aorta—can be seen clearly, as is 
also true of the lower part of the dorsal 
aorta. This large artery passes through the 
diaphragm—near the lower margin of the 
heart—and continues downward in the ab- 
dominal cavity, sending branches to all the 
lower parts of the body. 

The aorta serves as the trunk line of the 
systemic circulation; and the major branches 
of the aorta display essentially the same ar- 
rangement in all Mammalia. The innomi- 
nate artery (Fig. 17-10), or first large branch, 
forks almost immediately into (1) the right 
subclavian, which supplies the right shoulder 
and arm regions; and (2) the right common 
carotid, which supplies the right side of the 
head as a whole. The second and third large 
branches of the aorta are, respectively, the 
left common carotid and left subclavian. 
These arteries supply: (1) the left side of the 
head; (2) the left shoulder and arm. 

In the thorax (dorsal to the heart) the 
aorta gives off a number of small intercostal 
arteries (not shown in Fig. 17-10), which sup- 
ply the thoracic body wall. In the abdomen, 
the aorta sends branches to the digestive 
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tract, kidneys, and abdominal body wall. 
Finally, the aorta terminates in the lower 
extremity of the abdominal region, by fork- 
ing into the iliac arteries, which carry blood 
to the legs. 


DEVELOPMENT OF THE CIRCULATORY 
SYSTEM 


At an early stage of development, the em- 
bryonic circulation of man and other mam- 
mals is distinctly similar to the circulation of 
the dogfish and other primitive vertebrates. 
In the embryo, there are five pairs of gill 
clefts. and the six aortic arches branch off 
from the ventral aorta (Fig. 17-15). However, 
this arrangement does not persist as develop- 
ment proceeds. Arches ], I] and V are des- 
trned to disappear. Arch IV, on the left side, 
becomes the adult aortic arch; and on the 
right arch IV becomes the right subclavian 
artery. Of the other arteries associated with 
the human heart, the carotids (Fig. 17-10) are 
derived partly from arch III; and the pul- 
monary arteries come from arch VI. 


THE HEPATIC PORTAL SYSTEM 


The vertebrate circulation displays still 
another distinctive feature. Blood from the 
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gastrointestinal tract does not return directly 
to the heart, but first passes through the 
capillaries of the liver (Fig. 17-16). This part 
of the circulation is called the hepatic portal 
system, and it has an important bearing 
upon the metabolism of vertebrate animals 
generally. Blood in the gastrointestinal capil- 
Jaries becomes laden with a wide variety of 
absorbed products. However, many of these 
compounds never reach the general circula- 
tion—because the liver intervenes between 
the intestinal tract and all other parts of the 
circulation (p. 333). 

The hepatic portal system of man is shown 
in Figure 17-16. The hepatic portal vein is 
formed by the confluence of three tributaries: 
(1) the gastrosplenic vein, {rom the stomach 
and spleen; (2) the superior mesenteric vein, 
from the upper parts of the small intestine, 
and (3) the inferior mesenteric vein, from 
the lower small intestine and colon. The 
portal vein passes directly to the liver and, 
upon entering It, gives rise to a set of capil- 
laries that extend throughout the liver tis- 
sue. Eventually blood drains from the liver 
by way of the hepatic veins, which join the 
postcava. Accordingly it is important to dis- 
tinguish clearly between the hepatic portal 
vein, which brings blood to the liver, and 


Pulmonary arlery 


ya 


Lung 


Dorsal 


aorta 17-15. Head of o hv- 


man embryo, side view, show- 
ing the development of the 
arterial system. I, Il, Ill, IV, V, 
VI, aortic arches. |, Il, and V 
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the internal carotid arteries, 
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the hepatic veins, which carry blood away 
from the liver. In vertebrate animals, it ts 
generally not difficult to identify the portal 
vein, because this large vein always origi- 
nates near the duodenum and runs to the 
base of the liver, closely accompanied by the 
bile duct. 

A portal vein not only originates from 
capillaries but also terminates in capillaries; 
whereas other veins originate from capil- 
laries but terminate either by joining some 
other vein, or by emptying into an auricle. 
In man and other mammals, the hepatic 
portal vein is the only large portal vein of 
the body, but many lower vertebrates also 
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possess a renal portal vein, which brings 
blood to the kidney (Fig. 17-14). 


THE LYMPH AND ITS ORIGIN 


Blood in all capillaries continually loses 
a small proportion of its fluid volume 
by seepage through the capillary walls. 
This fluid is the lymph, which filters from 
the capillaries into the tissue spaces (Fig. 
abo): 

The formation of lymph is not an osmotic 
process. It is a kind of forced filtration, which 
is energized by blood pressure. Normal blood 
is slightly hypertonic to the lymph, but the 
osmotic tendency for water to return to the 
blood is counterbalanced by blood pressure. 

At the arterial end of a capillary, blood 
pressure is highest—being equivalent, on the 
average, to a pressure of about 30 mm of 
mercury. ‘hts pressure exceeds the lymph 
pressure by about 22 mm, and since the 
hypertonicity of the blood is only 15 mm, 
the effective force that accounts for the 
formation of new lymph is about 7 mm of 
mercury. Near the venous end of the capil- 
laries, where the blood pressure has dis- 
sipated somewhat, there is a definite tendency 
for fluid to re-enter the blood from the 
lymph. However, the re-entering fluid is of a 
smaller volume than that which filtered out 
at the arterial end of the network. 

The Composition of Lymph. The lymph is 
a force filtrate of the blood and consequently 
lymph has a composition that is closely re- 
lated to the composition of the plasma. How- 
ever, the capillary walls tend to hold back 
the colloidal components of the blood. Ac- 
cordingly, lymph contains all the crystalloid 
components (water, salts, glucose, amino 
acids, urea, etc.) of the plasma, in amounts 
that very closely approximate those in the 
plasma. But the plasma proteins, being col- 
loidal in their molecular dimensions, are 
present in the lymph in much lesser amounts 
than in the plasma. In fact the protein con- 
tent of lymph is only about one third that of 
plasma. 
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The Lymphatic Circulation. In the body it 
is dificult to find the lymph vessels, or lym- 
phatics, because they are so delicate. How- 
ever, the network of lymph vessels (Fig. 17-17) 
is very extensive and reaches all parts of the 
body. The lymphatics drain lymph directly 





Fig. 17-17. 
left, tharacic duct (a) apening inta left subclavian vein 


Part af the lymphotic system of man. On 


(b); c, internal jugular vein. On right, lymphatics af 
hand and farearm; d, lymph nades. (From The Living 
Body, by Best and Taylar. Halt, Rinehart and Winston, 
Inc.) 


from the tissue spaces, and carry the lymph 
slowly from the outlying parts toward the 
thorax. 

In the thorax the lymphatic network drains 
into the two main lymph vessels of the body: 
(1) the thoracic duct and (2) the right lym- 
phatic duct. The thoracic duct is the largest 
lymph vessel in the body, since it drains 
lymph not only from the digestive tract, but 
also from the w/ole left side of the body and 
from the right leg and trunk, The lymph 


vessels of the digestive tract pass into the 
mesentery where they form larger vessels, 
called the lacteals. The lacteals converge to- 
ward the root of the mesentery, just below 
the diaphragm, where they flow together into 
the thoracic duct. This large vessel passes 
upward through the thorax, where it finally 
terminates by emptying into the left sub- 
clavian vein (Fig. 17-17). Meanwhile the 
thoracic duct receives tributaries from all of 
the left and part of the right sides of the 
body. The smaller right lymphatic duct has 
an equivalent course and position on the 
right side of the thorax. It collects lymph 
from the lymphatic network of the right 
arm, the right sides of the head, neck, and 
thorax, and delivers this lymph into the 
right subclavian vein. Thus the lymph, which 
filters from the blood in all the capillaries of 
the body, returns to the blood via the sub- 
clavian veins. 

The Flow of Lymph. Lymph flows very 
slowly, as compared to blood. A given sam- 
ple of blood returns to the heart within less 
than a minute after it is pumped forth from 
the heart. But an hour or more elapses before 
a sample of lymph, formed in the leg, finds 
its way back into the blood stream. Lymph 
pressure, which sustains this sluggish flow, 
originates from the fact that new lymph is 
continually forced from the capillaries into 
the already filled tissue spaces. Lymph pres- 
sure amounts to only about 8 mm of mer- 
cury; but there are many valves in the lym- 
phatics, and these valves prevent any back- 
flow. Moreover many parts of the lymphatic 
network lie between the nuiscles of the body, 
and thus whenever a muscle contracts and 
presses against its neighbors, the lymph its 
driven forward in a considerable part of the 
local network. 

The Lymph Nodes (Glands). These oval 
masses of lymphoid tissue are situated in 
strategic positions in the lymphatic network, 
especially at points where the smaller lymph 
vessels converge to form larger ones (Fig. 17- 
17). There are several groups of unusually 
large nodes: in the knee and elbow joints; 


in the groin and armpits; and along the sides 
of the neck. 

The lymph nodes constitute a reserve line 
of defense against bacterial infection. The 
lymphoid tissues in the nodes (and in the 
tonsils, spleen, and intestinal wall) give rise 
to the lymphocytes (p. 322); and the nodes 
also tend to “strain” the lymph as it passes 
through. If bacteria from the site of an in- 
fection manage to elude the locally mobilized 
phagocytes, they are carried in the lymph 
stream toward the more vital centers of the 
body. But in passing through the lymph 
glands, most if not all of these bacteria are 
likely to be destroyed by the phagocytes in 
the nodes. Accordingly, lymph glands are 
frequently swollen during any infection; and 
the position of the swollen glands provides 
an index of the site of the infection: a 
swelling of the nodes of the groin indicates 
a leg infection; swellings in the armpit indi- 
cate an infection in the arm. 

Edema. Any part of the body tends to swell 
if lymph accumulates in the tissue spaces. 
Such a condition, which is called edema, 
may result from a variety of factors, such as: 
(1) high blood pressure, as in certain kinds 
of heart disease; (2) low plasma tonicity due 
to an excessive loss of plasma proteins, as in 
chronic kidney disease; (3) abnormally per- 
meable capillaries, due to a severe local dam- 
age of the tissues (for example, spraining an 
ankle); or (4) obstruction of the lymphatics 
draining the particular part. In edema, the 
skin and other tissues become very puffy; 
and if pressed, edematous tissue remains in- 
dented much longer than is normal. 

The Spleen. The spleen is a large reddish- 
brown organ (Fig. 17-16) occupying a dorsal 
position in the upper part of the abdominal 
cavity, where it comes in contact with the 
dorsal surface of the stomach and the upper 
extremity of the left kidney. Structurally the 
spleen resembles a lymph node, except for 
its size, which is somewhat larger than the 
kidney. Also the spleen possesses considerable 
muscle tissue in its capsule and internal 
framework. This permits the organ to ex- 
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pand and contract, increasing or decreasing 
the quantity of blood contained within its 
spongy structure. 

For many years the function of this vas- 
cular organ remained obscure, but now it 1s 
clear that the spleen serves mainly as a sort 
of blood bank from which reserves of blood, 
and particularly of red cells, may be mobi- 
lized when needed in the circulation. In the 
cat, for example, it is estimated that as much 
as one quarter of the erythrocytes and one 
sixth of the plasma may be present in the ex- 
panded spleen; and most of these reserves 
can be launched into circulation when the 
spleen contracts completely, as it does dur- 
ing heavy muscular activity, or after severe 
hemorrhage. In addition, the spleen has 
several minor functions. It cooperates with 
the other lymphoid tissues of the body in the 
production of lymphocytes and in the phago- 
cytosis of effete erythrocytes. In the embryo, 
moreover, the spleen takes part in the pro- 
duction of new erythrocytes. 

Antibody Production; Role of the Thymus 
Glands. It has long been accepted that 
lymphoid cells contribute heavily to the pro- 
duction of antibodies in the body. However, 
no involvement of the thymus gland was sus- 
pected until some recent thymectomy (sur- 
gical removal of the thymus) experiments 
were reported by Jacques F. A. P. Miller, an 
Australian investigator, working at the Ches- 
ter Beatty Research Institute in London. In 
fact, the functional importance of the 
thymus, a gland that lies subjacent to the 
upper part of the breast bone, has long re- 
mained a mystery, despite the fact that in 
prepubertal mammals the thymus constitutes 
a conspicuous mass of lymphoid tissue, ac- 
counting for almost | percent of the bocly 
weight. In postpubertal individuals, however, 
the thymus tissue atrophies and finally it is 
scarcely distinguishable from the surround- 
ing adipose tissue. 

Miller used mice in his experiments and 
other workers have obtained confirmatory 
evidence with the same animal. But in addi- 
tion, Sir Macfarland Burnet, another Aus- 
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tralian worker, has reported analogous evi- 
dence in birds. In the bird, however, another 
enigmatic lymphoid organ, the bursa of 
Fabricius, collaborates with the thymus in 
influencing antibody production. 
Thymectomy in an adolescent or an adult 
mouse has very little, if any, physiological 
effect. But if the thymus is removed at birth 
and it requires great skill to excise this 
pinhead-sized body from a newly delivered 
mouseling—the consequences are remark- 
tble. The mouselings develop quite normally 
for some 3 wecks, but soon therealter they 
ure prone to sicken and die; and the cause 
of death is usually some common infection. 
Moreover, further tests reveal that the anti- 
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body, or gamma globulin, fraction (p. 505) 
is virtually absent from the plasma of such 
thymectomized individuals. 

Another important observation is that such 
thymectomized individuals are able to accept 
skin grafts, not only from themselves, but 
also from unrelated strains of mice and even 
from a rat (Fig. 17-18). Such successful hetero- 
transplants are most unusual. Ordinarily the 
antibody mechanisms of the animal Jead to a 
rejection of the foreign tissue shortly after it 
has started to grow, although homotrans- 
plants from one site to another in the same 
individual (or transplants from an identical 
twin) are generally successful. Thus again the 
conclusion seems to be that the immuno- 
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Removal af the thymus gland from a mouse 1 to 3 days after birth leads to a severe impair- 


ment af the immunity responses. This postnatally thymectomized mouse, tested at the age of 5 weeks, 
accepted and maintained two foreign skin grafts: (1) from an unrelated mouse (strain C3H), as is shown 
by the patch af black hair, which grew in quickly; and (2) from a white rat (Wistar strain), as is shown by 
the white patch. Normally, of course, in a nonoperated animal, vigorous immune reactions would have led 
to a rejection of these heterografts. (Courtesy of Jacques F. A. P. Miller, The Chester Beatty Research In- 


stitute and the New York Academy of Sciences.) 


logical defenses of the thymectomized animal 
do not function properly when a thymectomy 
is performed during the first few days of 
postnatal life. 

Miller and others have postulated that the 
thymus represents the primary source of im- 
munologically active lymphoid cells in the 
young mammal. Mitotic activity in the fetal 
and early postnatal thymus is very high. It 
is presumed that many of the lymphoid cells 
produced are soon despatched from the 
thymus to the other lymphoid stations of the 
body—particularly to the lymph nodes and 
spleen—where multiplication continues. The 
Importance of the primary source, accord- 
ingly, diminishes with age. Eventually, there- 
fore, the thymus tends to atrophy. The actual 
production of antibody proteins occurs 
mainly in the lymph nodes, particularly in 
masses of special cells, called plasma cells. 
These are derived from the primary lym- 
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phoid cells. In any event, the masses of 
plasma cells become exceptionally conspicu- 
ous in lymph nodes when these are located 
near an infected area (p. 335). 

There are many unsolved problems in 
immunology, however: Are there many kinds 
of plasma cells, each responsible for the pro- 
duction of a particular antibody protein; or 
can one kind produce a variety of antibodies, 
when stimulated by the presence of the cor- 
responding antigens? How is the very precise 
specificity of the antigen-antibody relation- 
ship determined? Does the antigen provide 
a template (p. 134) for the synthesis of a 
corresponding antibody—and if so, how? 
Considerable progress has been made recently 
in analyzing the structure of the antibody 
proteins in the gamma globulin (p. 505) frac- 
tion of the plasma. Thus it seems likely that 
some of these questions will, in the near 
future, receive definitive answers. 


TEST QUESTIONS 


1, Why is a circulatory system essential in all 
larger animals? What are the general func- 
tions of the circulatory system? 


|e) 


rect (hemolymph) circulations, and two kinds 
of animals possessing indirect (blood-lymph) 
circulations: explain the essential differences 
between these types of circulation, and relate 
these differences to the question of “eff- 
ciency.” 

3. Exchanges between the blood and the cells 
of an organ cannot occur in the arteries and 
veins, but only in the capillaries. Is this state- 
ment true, and if so, why (at least two rea- 
sons)? 

4. Differentiate between erythrocytes, leuco- 
cytes, and thrombocytes on the basis of: (a) 
size and form; (b) abundance in the blood; 
(c) general functions; (d) origin. 

5. Differentiate between diapedesis and phago- 
cytosis; explain the importance of these proc- 
esses in relation to the body’s defenses against 
bacterial infection. 

6. What other defense mechanisms are local- 
ized: (a) in the plasma; and (b) in the lymph 
glands? 

7. Without vitamin Kk the body is unable to 


Specify two kinds of animals possessing di- 


synthesize prothrombase. Predict the effects 
of a diet that is very low in K, explaining 
your answer fully. 

8. Propose three different methods by which you 
might prevent a sample of blood from clot- 
ting while you were withdrawing it into a 
test tube. Carefully explain the basis of each 
method in relation to the clotting mecha- 
nisms. 

9. Differentiate between arteries, veins, 
capillaries as to: (a) structure; (b) function; 
(c) the relative pressure of the conducted 
blood. 

10. Explain the physiological basis for the adage 
‘“‘a man is as young as his arteries,” stressing 
the importance of the “elasticity factor.” 

}]. Make a laheled diagram to show the relations 
of a capillary to the lymph and the surround- 
ing tissue cells. 

12. Assuming that the foregoing tissue is a mus- 
cle, explain how and why: 

a. glucose passes from the blood into the 
cells 

b. oxygen passes from the blood into the 
cells 

c. carbon dioxide passes from the cells 
into the blood 


and 
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d. other metabolic wastes pass from the 
cells into the blood 

13. Why is the formation of lymph described as 
a force filtration? 

I4. Why is this process also called a colloidal 
filtration? 

15. Compare the compositions of the plasma and 
lymph in regard to: (a) protein content; (b) 
content of glucose and amino acids; (c) con- 
tent of urea and inorganic salts; (d) relative 
tonicity. 

16. Carefully explain the balance of forces that 
accounts for: 

a. the escape of lymph from the plasma 

b. the backflow of some lymph into the 
plasma 

c. the flow of lymph from the tissue spaces 
into the lymphatics 

17. ‘Trace the general course followed by the 
lymphatics which drain the tissue spaces of 
each of the following regions: (a) wall of the 
small intestine: (b) Teft side of trunk and 
head; (c) left leg: (d) right leg: (e) right side 
of the thorax and head. 

18. Is there any relation between the position of 
a “swollen gland” (lymph node) and the site 
of a particular infection? Explain. 

19. Explain the relation between muscular ac- 
tivity and the flowing of the lymph. Of what 
importance are the lymphatic valves? 

20. Differentiate between a single and a double 
type of airculation; and between a_ two- 
chambered and a four-chambered heart. 

21. On what grounds is the circulation of man 

and other mammals regarded as ‘“‘more efh- 

cient” than the circulation ol the primitive 
vertebrates (fish)? 

In man and other mammals, all the blood 

that returns from the systemic circuit via 

the postcava] or precaval veins must pass 
through the pulmonary circuit before reach- 


re 
1 


23. 


24. 


30. 


oh 


ing the aorta and starting anew on the sys- 
temic circuit (Fig. 17-10). Demonstrate the 
truth of this statement by listing in proper 
sequence the heart chambers, arteries, and 
veins through which a certain sample of the 
blood would have to pass in flowing From the 
postcaval, or one of the precaval veins, to 
the aorta. 
List in proper sequence the main branches 
of the aorta (trunk line of the systemic cir- 
cuit) and specify the parts or organs supphed 
by each main branch. What three main veins 
return the systemic blood to the right auri- 
cle? 
As to the composition (aerated vs. unaerated) 
of the blood conveyed: 
(a) how does the pulmonary artery differ 
from all other arteries; 
(b) how does the pulmonary vein differ from 
other veins? 
Make a labeled diagram to show how the 
aorta, the carotids, the subclavian, and the 
pulmonury arteries were evolved from the 
gil] arches of primitive vertebrates. 
Make a labeled diagram showing the rela- 
tions of the hepatic portal vein to the gastro- 
intestinal tract, the liver. and the postcaval 
vein. 
On the basis of the foregoing diagram, ex- 
plain why it is impossible for substances ab- 
sorbed from the gastrointestinal tract to reach 
the genera] circulation without first coming 
under the influence of the liver tissues. 
Summarize what is known about the spleen 
and its functions. 
Discuss the nature and significance of the Rh 
factor. 
Explain the nature and significance of the 
blood groups in man. 
Discuss the functions of the thymus gland. 
Give experimental evidence. 


FURTHER READINGS 


]. The Living Body, by C. H. Best and N. B. 
Taylor; New York, 1958. 

The Machinery of the Body, by A. J. Carl- 
son and V. Johnson: Chicago, 1953. 

3. Textbook of Anatomy and Physiology, by 


ro 


Kimber, Gray, and Stackpole; New York, 
1955: 


4. Blood Groups and Transfusions, by A. S. 


Weiner; Springfield (II1.), 1943. 


5. Biology, by C. A. Villee; Philadelphia, 1962. 


I= bsorption, Metabolism, 
and the Diet 


ABSORPTION 


The major burden of absorption falls upon 
the small intestine, and all organic and in- 
organic food compounds, except water, enter 
the circulation mainly through the wall of 
this part of the gut. 

The large absorbing capacity of the small 
bowel depends upon its very great surface. 
The intestinal mucosa comes into contact 
with the chyme throughout a length of 23 
feet, and throughout this distance the in- 
testinal wall is richly supplied with blood 
capillaries and lymph channels. Conse- 
quently ample opportunity is afforded for the 
blood and lymph in the intestinal wall to 
come into equilibrium with the chyme. More- 
over, the intestinal mucosa does not have a 
flat surface. In fact, as mentioned earlier, this 
surface resembles velvet, in that it is studded 
with numerous hairlike villi, which provide 
at least a tenfold increase of the absorbing 
area (Fig. 16-25). 

As may be seen in Figure 18-1, each villus 


is well designed to perform the function of 
absorption. A network of blood capillaries 
extends out into the villus, and there is a 
central lymph vessel at the core. The wall of 
this lymph vessel, unlike the capillary wall, 
is perforated by definite fiaps, which com- 
municate with the tissue spaces. The blood 
flows very rapidly through the capillaries of 
the villus, but the lymph moves very slowly 
through its channels. Slowly the lymph filters 
from the capillaries, seeping through the tis- 
sue spaces. Then the lymph enters the cen- 
tral lymph vessel and drains away to the 
network of lymphatics in the wall of the 
intestine. (Fig. 18-1). 

The transfer of food compounds from the 
chyme into the blood and lymph is greatly 
influenced by the structure of the villi. Essen- 
tially the chyme is an aqueous solution con- 
taining the various digested food products, 
and these compounds are all able to pass 
into either the blood or the lymph. But a 
large part of the sugars and amino acids are 
picked up by the blood stream, because the 
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Fig. 18-1. Diagrammatic sectian of two villi, shawing 
the blood and lymphatic vessels. Note that the wall of 
the central lymph vessel in each villus is imperfect, 
i.e., perforated by gaps. The interstices among the 
blood and lymph vessels are occupied by cannective 
tissue, in which the tissue spaces are filled with lymph. 


blood keeps changing rapidly in the capil- 
laries. Time is not afforded for the blood to 
become fully saturated with the food prod- 
ucts as they are absorbed. But the lymph 
flows so slowly that the concentration of 
each loodstup soon becomes approximately 
the same in the lymph as in the chyme. Then 
there is little or no tendency for the food 
molecules to enter the lymph, except in very 
small quantities, as the old lymph is replaced 
by new. 

The absorption of fatty materials (glycerol 
and fatty acids) is quite different. The glyc- 
ero] and fatty acids recombine into [ats as 
they pass through the mucosa of the villus; 
and this resynthesized fat appears in the 
form of fine globules in the lymph of the tis- 
sue spaces—just subjacent to the mucosa. 
Such fat globules are not able to enter the 
blood through the capillary walls. Accord- 
ingly, the fat globules are slowly carried into 
the central lymph vessel, which conveys them 
to the lymphatic network. Alter a lat-rich 
meal, the lacteals (p. 334), pausing through 
the mesentery toward the thoracic duct, dis- 


play a conspicuously white, milky hue, indi- 
cating that the lymph at this time ts essen- 
tially a fatty emulsion. 

Water and inorganic salts—as well as 
sugars and amino acids—are absorbed pri- 
marily into the blood stream. But the quan- 
tity of water leaving the small intestine 1s 
more or less counterbalanced by the water 
entering via the digestive juices. The absorp- 
tion of salts, to some extent, appears to in- 
volve active transport processes. In any event, 
certain salts are absorbed prelerentially—to 
an extent that is difhcult to explain in terms 
of differences in the permeability of the vari- 
ous ions. Also the absorption of glucose and 
amino acids is definitely augmented by active 
transport processes, requiring the expendi- 
ture of energy by the cells of the intestinal 
mucosa. 

In summary, the nonfatty food components 
are absorbed chiefly into the blood of the 
hepatic portal] system, whereas the fatty foods 
are taken mostly into the lymph. But since 
the lymph gradually drains into the blood 
stream via the thoracic duct, the eventual 
distribution of al] the food components is 
effected by the blood. 





THE LIVER AND ITS SPECIAL METABOLIC 
FUNCTIONS 


The liver occupies a strategic position in 
the vertebrate circulation (Fig. 17-16), and 
on this account the vertebrate liver has as- 
sumed several iniportant metabolic functions. 
Probably the hver originated as an ordinary 
digestive gland, but in modern vertebrates 
It is an exceptionally large mass of tissue, 
possessing a wide variety of enzymes. Al] the 
blood from the digestive tract passes to the 
liver capillaries via the hepatic portal sys- 
tem. Accordingly, the cells of the liver are 
in posiaion to extract various absorbed prod- 
ucts from the blood and chemically to alter 
these compounds before allowing them to 
pass on into the general circulation. 

Conversion of Other Sugars to Glucose. 
Although carbohydrates are absorbed into 


the blood stream mainly in the form of glu- 
cose, small quantities of other monosaccha- 
rides (fructose and galactose) also get into the 
portal circulation. On reaching the liver, 
these other sugars are converted into glucose, 
which is the kind of sugar best suited to the 
needs of the tissues generally. 

Regulation of the Blood Glucose Level. 
During the absorption of a carbohydrate-rich 
meal, the glucose concentration in the portal 
blood may rise considerably. But if simul- 
taneously a sample of blood from the general 
circulation is analyzed, there is not a corre- 
sponding rise in the sugar content. The ex- 
cess sugar has been removed from the portal 
blood as it flows through the hepatic capil- 
laries. The liver cells convert the extra glu- 
cose into glycogen, storing this stable reserve 
of carbohydrate for the future needs of the 
body. ‘Thus, the liver of a well-nourished dog 
or man may contain as much as 20 percent 
(by dry weight) of glycogen. 

Conversely, after fasting, the portal blood 
contains very little glucose. Nonetheless, a 
sample of blood from the general circulation 
displays a normal sugar content. The differ- 
ence has been made up in the liver by a 
hydrolysis of part of the glycogen reserves 
into glucose. 

The liver, therefore, has the important 
function of maintaining a constant supply 
of glucose in the circulation. Normally the 
blood glucose level remains at about 0.] per- 
cent; and this amount is just adequate to sup- 
ply the needs of the tissues. When the glucose 
absorbed into the portal blood goes higher, 
the liver stores glucose as glycogen; but when 
the blood sugar tends to fall below normal, 
glucose is mobilized from liver glycogen. 

This blood-sugar control is of great im- 
portance in the economy of the body. Hyper- 
glycemia, or excess blood sugar, is wasteful, 
since the kidneys begin to excrete glucose 
under this circumstance—and “sugar in the 
urine” (glycosuria) results. Conversely, a 
gravely lowered blood sugar (hypoglycemia) 
is dangerous. Lacking an adequate sugar sup- 
ply, the tissues cannot function properly. 
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The patient sinks into a state of hypogly- 
cemic shock, which may prove fatal unless 
glucose is provided quickly—usually by intra- 
venous injection. 

Some glycogen is stored in the muscles, and 
a small amount of this muscle glycogen may 
be drawn upon to maintain the blood sugar. 
However, muscle glycogen acts mainly as a 
local fuel deposit, available for muscular 
work (p. 435). 

The endocrine glands (Chap. 22) cooperate 
with the liver in maintaining the blood sugar 
level. Adrenalin (p. 406) stimulates the liver 
to convert glycogen to glucose; whereas 1n- 
sulin (p. 408) prevents a too rapid break- 
down of glycogen. A diabetic patient, lack- 
ing insulin, fails to store glycogen in normal 
fashion; in addition, the tissues of a diabetic 
partly lose their capacity to utilize glucose. 
In diabetes, consequently, sugar accumulatcs 
in the blood and drains off in the urine. A 
suitable injection of insulin removes both of 
these impairments, and the blood sugar 
comes back to normal. Such injections must 
be calibrated with the utmost care, however. 
If the injection is too large, the patient may 
be thrown into “insulin shock” from the re- 
sulting hypoglycemia. 

After a meal containing large amounts of 
sugar, a normal individual may temporarily 
display hyperglycemia and glycosuria; but 
this merely indicates that the liver is not able 
to cope completely with such a sudden flood 
of glucose, absorbed from the digestive tract. 

Deamination and Urea Formation. The 
primary function of the amino acids is to 
enable the tissues to synthesize their essen- 
tial protein components. An ample protein 
diet, however, provides the body with an ex- 
cess of amino acids; and under these circum- 
stances the extra amino acids are used as fuel. 

Deamination (p. 138) must occur before 
an amino acid can be fully oxidized; and in 
mammals, this important catabolic function 
is delegated very largely to the cells of the 
liver. During the absorption of a protein- 
rich meal, a superabundance of amino acids 
is found in the portal blood. But in the 
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liver, these excess amino acids are deami- 
nated. Deamination liberates the carbon- 
hydrogen oxygen residues (CHO residues) of 
the molecules for oxidation by the body 
tissues; simultaneously the amino parts of 
the molecules go into the formation of urea, 
the main nitrogenous waste in man and 
other mammals. 

Deamination, as it 1s accomplished in the 
mammalian liver, does not occur by the di- 
rect process that was described previously 
(p. 138). In the liver, in fact, the amino frac- 
tions that are discharged from the various 
amino acids do not appear as free ammonia 
(NH3), but are transferred to one particular 
amino acid, namely ornithine, which is thus 
transformed to arginine: 


NH- 
ve 
C=NH 
» 
- 
mee 


Siac 
COOH 


arginine 


Then arginine decomposes, liberating urea. 
The importance of arginine, therefore, 1s 
that it acts as an intermediary in the forma- 
tion of urea. Arginine receives amino nitro- 
gen from the various other amino acids and 
transfers this nitrogen to urea, a relatively 
nontoxic waste product (see column 2, top). 
To a small extent the mammalian kidney 
also engages in the deamination of amino 
acids. The kidney deaminations are direct, 
however, and lead to the production of NH3 
(p. 378). In fact, the kidney utilizes this am- 
monia in neutralizing various acid metab- 
ohtes, which otherwise would tend to acidify 
the system unduly (see column 2, bottom). 
Urea is not eliminated by the liver, but 
passes through the blood stream to the kid- 
neys. Accordingly, a considerable quantity 
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of this crystalline end product of amino acid 
catabolism is present in the urine of man 
and other mammals. In birds and reptiles, 
however, much of the urea is converted, also 
in the liver, into a more complex nitrogen 
compound, uric acid, and uric acid is the 
chief nitrogenous waste excreted by these 
other vertebrates. Some uric acid ts also ex- 
creted by man and other mammals; but in 
mammals uric acid is derived from the catab- 
olism of nucleic acids. 

The nonnitrogenous compounds produced 
by the deamination of the amino acids are 
all relatively simple organic acids (p. 138). 
These CHO residues may be sent to other 
tissues in the body; or they may be retained 
by the liver for conversion into glucose and 


we 


NH; + HOH = NH,OH 
and 
NH,OH + H.CO; 


NH,HCO; ++ HOH 


glycogen. In short, the organic acids liber- 
ated by deamination are utilized by the body 
in One manner or another. 

Action of the Liver on Fats. True fats are 
absorbed mainly in an emulsified form and 
cannot pass directly into the cells of most of 
the tissues. But certain cells, especially in the 
liver, are able to engulf fat globules—by a 
process that resembles phagocytosis. In the 
liver these special cells are called Kupffer 
cells. The Kupffer cells project partially into 
the capillaries, and in this strategic position 
they take in fat globules and other granular 
material from the passing blood stream. 

The fats are partially catabolized in the 
liver before passing to the other body tissues. 
The liver chemically alters the fatty ma- 
terials, increasing their capacity to be ab- 
sorbed and oxidized by other tissues. A 
partial desaturation of the fat molecules re- 
sults from the action of liver dehydrogenases; 
and the double bonds thus introduced into 
the carbon chains make the fats more sus- 
ceptible to further oxidation. Moreover, the 
partially oxidized intermediary products of 
fat catabolism are more soluble in the blood 
and lymph and more easily distributed 
throughout the body. 

Other Functions of the Liver. The liver 
has a number of other special functions. Or- 
ganic toxins (p. 315), produced by bacteria 
in the large intestine, are absorbed into the 
portal blood. But the liver prevents these 
compounds from reaching toxic levels in the 
general circulation. A variety of special en- 
zymes are present in the liver cells, and these 
convert the toxic products into nontoxic 
compounds. In some cases the toxin is merely 
combined with some other substance (for 
example, benzoic acid is combined with an 
amino acid, glycine) to form a nontoxic com- 
pound, which later is eliminated by the kid- 
neys. However, the detoxifying reactions in 
the liver are very complex and varied. 

Other hepatic functions, such as the syn- 
thesis of prothrombase and the secretion of 
bile (p. 323), have been mentioned previ- 
ously; still other functions, such as the stor- 
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age of vitamins A, D, and B,,. (APA), will 
be mentioned later. 


GENERAL METABOLISM: A 
BALANCED DIET 


On any long-term basis, the daily intake of 
food must be sufficient (1) to provide the 
energy expended by the body; (2) to provide 
the proper kinds of matter from which the 
body assembles and synthesizes its essential 
components. The first of these objectives is 
fulfilled by catabolism, and the second, by 
anabolism—each taken as a whole. 

The Energy Requirement: Destructive Me- 
tabolism. The only source of energy avail- 
able to the human body is the decomposi- 
tion of organic compounds, such as proteins, 
carbohydrates, and fats, and the derivatives 
of these substances. Carbohydrates and pro- 
teins each yield about 4 Calories of energy, 
and fats 9 Calories, per gram utilized in 
metabolism. Provided the final products of 
decomposition are the same, these energy 
quantities are constant, regardless of the in- 
termediary course of metabolism, and regard- 
less of whether the reactions occur inside or 
outside the living body. 

The most direct method of determining 
the energy expenditure of an individual 1s 
to measure the total heat output of the body. 
All other forms of energy (movement, elec- 
tricity, etc.) that are generated during me- 
tabolism are finally and totally converted to 
heat, which is given off to the environment. 

Measuring the heat output of the human 
body—a procedure called direct calorimetry 
—is very dificult. The subject must be con- 
fined for a long period in a heat-insulated 
chamber, which is equipped with compli- 
cated devices for collecting and measuring 
the total heat given off by the body. Such ex- 
periments have been done, and they prove 
conclusively that (1) if the caloric content of 
the utilized foods is just equal to the energy 
expended, the body weight remains un- 
changed; (2) if the calories of the food are 
less than the expended energy, the body 
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weight decreases; and (3) il the energy ol! the 
absorbed food is more than that expended, 
the body weight increases. 

In recent times, metabolism tests involv- 
ing a direct measurement of the heat output 
have been supplanted by indirect calorim- 
etry. When this method is employed, the 
patient’s consumption of oxygen and produc- 
tron of carbon dioxide are accurately talled 
for a given length of time. These figures pro- 
vide a basis for calculaung not only how 
much total food has been oxidized, but also 
the proportions of the carbohydrates, fats, 
and proteins that have been utilized. How- 
ever, in addition to the oxygen and carbon 
dioxide data, the output ol urea and other 
nitrogenous end products must be considered 
if an accurate diagnosis of the patient’s me- 
tabolism its to be obtained. 

The Bosal Metobolic Rote. The daily energy 
expenditure varies widely, depending on the 
general activity of a person, as well as upon 
a variety of other factors. To obtain the 
basal metabolism it is necessary to standard- 
ize conditions very strictly. The subject must 
fast overnight before the test, and must re- 
chine in a completely relaxed condition dur- 
ing the test. Also the age, weight, and bodily 
proportions must be considered in establish- 
ing the normal standards. 

For a aman of average weight and propor- 
tions (150 pounds, 5 feet, 8 inches, the nor- 
mal basal metabolism 1s about 1600 Calories 
daily. More than half of this energy goes 
toward maintaining the body temperature, 
which 1s considerably above the usual en- 
vironmental level. The main loss of heat is 
from the body surface, and consequently the 
bodily proportions are very mportant m 
determining the proper standard. For short 
stout individials, the proportion of surface 
to weight 1s at a minimim. Consequently 
such a person has a normal basal metabolism 
somewhat lower than 1600 Calories. 

The remainder of the basal energy ex- 
penditure represents the work done by the 
vital organs in the maintenance of life. The 
heart nist work <ceaselessty, amd. this: 1: also 


true of the muscles of breathing. Under basal 
conditions not much work is done by the 
musculature of the digestive tract, or of the 
body wall, stnce the subject has been fasting 
and is not maintaining an upright posture. 

In recent years measurements of the basal 
metabolism are frequently used in medical 
diagnosis. Abnormally high basal metabo- 
lisms are encountered in patients with an 
overactive thyroid gland (hyperthyroidism) 
and in fevers. A low metabolism, on the other 
hand, may indicate hypothyroidism; a defi- 
ciency of the adrenal or pituitary glands; or 
just plain undernutrition. 

Metabolic Rotes under Other Conditions. If 
the subject is allowed to eat, but remains mn 
bed, the metabolism rises to 1800 Calories. 
The extra energy (200 Calories) goes mainly 
into the secretory work of the digestive 
glands, and to the muscular movements of 
the digestive tract. However, the taking ol 
food, especially proteins, has a stimulating 
effect upon general metabolism. When seden- 
tary work as well as food is allowed, the 
metabolism will average about 2400 Calories. 
This additional energy (600 Galories) goes 
mainly to che work of the body muscles in 
Maintaining posture and in performing 
daily routine movements. Under these cir- 
cumstances, however, the work of the heart 
is also greater, since a more active circulation 
through the brain, muscles, and digestive tract 
iy required. A manual laborer will usually 
expend from 3000 to 5000 Calories, depending 
on the intensity and duration of che work. 

Avoilability of Energy from Different Foods. 
Disregarding the structural needs of the body 
and reckoning only in terms of energy re- 
quirements, one type of lood may substitute 
quite equally for another. A very high pro- 
tein cliet increases the daily output of nitro- 
genous wastes und puts extra work upon the 
kidneys; but the kidneys can safely handle 
the extra load if they are in good condition. 
‘Too high a proportion of fat (more than 40 
percent olf all the Caloric expenditure) is to 
be avoided, however. Fatty substances do 
not “burn” very completely when the tis- 


sues lack carbohydrates to oxidize simulta- 
neously. 

In the body considerable interconversion 
takes place among the foodstuffs (p. 156). 
Many amino acids can be converted to glu- 
cose; and carbohydrates can be converted to 
lat. However, there is only a very limited 
conversion of fatty materials into carbohy- 
drate, and only the nonessential amino acids 
(p. 136) can be derived from nonprotein 
foods. Most natural foods are mixtures con- 
taining some of each kind of the main or- 
ganic nutrients (Table 18-1). Consequently 
the problem of meeting the energy require- 
ments of the body is largely a matter ot get- 
ting a sufficient quantity of food. 
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inorganic loods were not considered, simply 
because these substances do not supply en- 
ergy to the body. But there are a number of 
essential inorganic compounds in the proto- 
plasm; and unless the intake and output of 
these substances are balanced, the body can- 
not maintain its normal functions. 

Inorganic Requirements. The water balance 
of the body is very important. Each day an 
average individual loses about 2000 cc of 
water via the urine, sweat, feces, and expired 
air. ‘hese losses must be restored very regu- 
larly, or else the tissues become seriously de- 
hydrated. ‘The body dies of “thirst’’ more 
quickly than from starvation in the ordinary 
sense. 


Table 18-1—Analysis of Some Common Foods 
(Percentage by Weight) 
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Storvotion. When the total consumption of 
food is inadequate to meet the energy ex- 
penditure, the body begins to sacrifice its 
existing fund of organic materials. First to 
go are the carbohydrate stores, mainly the 
glycogen of the liver and muscles. Simultane- 
ously fat is gradually withdrawn from thie 
adipose tissues. When the fat and carbohy- 
drate reserves have been exhausted, the body 
begins to consume its own essential struc- 
tural components—the proteins, phospho- 
lipids, etc., in the tissues of the less essential 
organs of the body. Finally the protoplasmic 
constituents of the essential organs (brain, 
spinal cord, and heart) are drawn upon; but 
when this occurs, death rapidly becomes in- 
evitable. 

Constructive Metabolism: Essential Kinds 
of Foods. From an energy point of view the 


| Carbo- Inorganic 
| Fat hydrates Matter 
1.4 0.2 | es 
he Scar he2 
5.2 4.8 0.8 
0.2 | 55.6 1.2 
0.3 20.8 | Ll 


| 10.0 25 


The replenishment of salts is also impor- 
tant. The body loses about 30 grams of as- 
sorted minerals each day via the urine, sweat, 
and feces. Most natural foods contain ap- 
proximately the proper proportions of the 
protoplasmic salts (p. 75), although plant 
foods are generally low in NaCl. Conse- 
quently man has learned to use the crystal- 
line form of this salt to supplement his own 
diet and the diets of his domestic animals. 

Severe muscular work carried on in a hot 
environment induces a very large loss of salts 
(and water) via the perspiration. When this 
condition is carried to an extreme, the worker 
develops “‘miner’s cramp,” a painful spasm 
involving a large part of the musculature. 
Such workers are rabidly thirsty, but to 
drink water only aggravates the condition by 
increasing the flow of sweat and accelerating 
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the loss of salt. Finally it was learned that 
salt water should be provided, and during 
hot heavy work, salt solutions can be drunk 
without distaste. 

Certain specific minerals are regularly 
needed by the body for the synthesis of its 
essential components. The minerals most 
likely to be deficient in the diet are iron, cal- 
cium, and todine. Without a source of iron, 
from the organic and inorganic components 
of our food, the body cannot continue to 
synthesize hemoglobin, and anemia must re- 
sult. However, most meats (especially liver), 
eggs, and many fruits and vegetables provide 
an adequate source of iron. Calcium com- 
pounds are necessary for the formation of 
bone and teeth: about 1.0 gram for children; 
2.0 grams for women during pregnancy and 
nursing; and 0.8 gram for other adults—com- 
puteds on: “as -daily= basis. a1 terms: <ol the 
calcium content. The best source of this min- 
eral is milk, although cereals and such vege- 
tables as beans and peas are also rich in 
calcium. Most meats provide a good source 
of phosphorus. which is essential for the 
synthesis of ATP, nucleic acids, etc., as well 
as for a proper formation of bones and teeth. 

Without todine the body cannot synthesize 
thyroxin, the essential hormone of the thy- 
roid gland; and the resulting hypothyroidism 
(p. 103) represents: avery ‘serious. and, in 
lormer times, fairly prevalent clisease. Iodine 
is especially abundant in the sea and in sea- 
toods. Formerly, todine deficiencies were en- 
countered mainly in populations living in 
inland regions that never were inundated 
by the ocean during any geological period. 
Nowadays, however, dietary hypothyroidism 
(including cretinism) is seldom found, due 
mainly to the fact that commercial salts are 
artificially fortified by the addition of small 
amounts of potassium iodide (KI). 

Recent investigations indicate that health- 
maintaining diets must contain zinc, copper, 
manganese, cobalt, and perhaps one or two 
other metals. But only the merest traces of 
these substances are sufficient. ‘These trace 
metals appear to be neeced for the activa- 


tion of some of the metabolic enzymes, and 
most natural diets contain more than ade- 
quate amounts of the trace elements. 

Organic Requirements. In addition to the 
fuel foods, 50 grams of protein, at the very 
least, must be included in the diet of an 
adult, and more protein is needed in growing 
individuals. Such a quantity ol protein pro- 
vides only the minimal amount and variety 
ol the amino acids needed by the tissues for 
the synthesis of essential proteins. As In ani- 
mals generally, the cells of the human body 
cannot synthesize all of the amino acids from 
simpler substances. Consequently the body 
depends upon a ready-made supply of these 
nonsynthesizable (essential) amino acids. Not 
all protein foods are equally valuable in con- 
tributing these essential amino acids, as may 
be seen 1n Table 18-2. 

Some natural fat must also be included in 
a balanced diet. The body is able to synthe- 
size all-except a few of the fatty acids, but 
these specific exceptions are essential. Also, 
natural fats are our main source of some of 
the vitamins, without which the body can- 
not grow or function properly. 

The Vitamins. In 1912 it was definitely 
proved that animals cannot survive on diets 
in Which the organic food ts provided en- 
tirely by purified jroteins, carbohydrates, 
and hpids. This result indicated that the 
natural sources of organic food must contain 
small amounts of then unknown essential 
substances, which were named the vitamins. 
Since 1912, many experiments have been per- 
formed, using all kinds of controlled diets; 
and these experiments have amply substantt- 
ated the vitamin hypothesis. At the present 
time, therefore, it 1s possible to define the 
mussing factors very precisely. Each vitamin 
is a simple specific organic food compound, 
regularly needled by an animal in very small 
amounts for the maintenance of health, 
growth, and even of life itself. Almost all the 
vitamins have now been icentified as essen- 
tial coenzymes without which a number of 
Important steps m cellular metabolism can- 
not proceed (see Table 18-3). Thus if any 
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Table 18-2*—Character of Proteins in Some Common Foods 


Chief Proteins 





Amino Acid Constitution 


Complete, but low tn cystine 
Complete 


Lacks lysine and tryptophan, and is low in 
cystine 


Complete 
Complete 


Complete 
Complete 


Incomplete, low in cystine 
Incomplete, lacks /ysine 


Complete 


Food Present 
Milk and cheese es Casein 
Lactalbumin 
Corn (maize) .......{ Zein ak 
2 ara! s cave eee Ovalbumin 
Ovovitelline 
IWh@alen 4 cote c ce ee Albumin 
Myosin 
PedSil dene ee ee Legumin 
Gliadin 
VV MGA we eres cea Glutenin 
Gelatin Seu ietes ere 7 Gelatin 


Italicized amino acids are essential. 


Incomplete, lacking tryptophan and ty- 
rosine; very Jow in cystine 


* From Best and Taylor, The Living Body, 4th Ed., 1963. 


vitamin necessary to the species is regularly 
absent from the diet, the animal] begins to 
show specific symptoms, which can be recog- 
nized as one of the deficiency diseases, or 
avitaminoses, and eventually the animal dies 
unless the deficiency is corrected. 

Because of its historic interest, vitamin C 
will be used to exemplify the vitamins gen- 
erally. Scurvy, the avitaminosis which devel- 
ops when vitamin C is absent from the diet, 
was described very accurately by Richard 
Hawkins, more than 350 years ago. Hawkins, 
a captain in the English navy, observed the 
bleeding gums, bruised skin, anemia, and 
general weakness that developed in the crew 
when a sailing vessel had been at sea for 
many months and all supplies of fresh fruits 
and vegetables had been exhausted. Hawkins 
also observed that a small amount of lime 
juice, added to the daily menu of the crew, 
was completely effective in preventing the 
development of the scorbutic symptoms. 

In 1933, Albert Szent-Gyorgyi, the well- 
known Hungarian biochemist and Nobel 


laureate, now working in the United States, 
first succeeded in isolating and _ purifying 
vitamin C—whiich proved to be ascorbic acid 
(C,H,O,). Meanwhile, many other vitamins 
have now been identified (Table 18-3), and 
all have been found to be relatively simple 
organic compounds that can be absorbed 
without digestion—if they are present in the 
foods of the animal. Moreover, each vitamin 
is specific in relieving the particular symp- 
toms caused by its deficiency. Only ascorbic 
acid (or compounds from which the body can 
derive ascorbic acid) is effective in prevent- 
ing or relieving the specific symptoms of 
scurvy (Fig. 18-2). 

In scurvy, the main symptoms are gener- 
ally attributed to a weakening of the walls 
of the arterioles and capillaries. ‘The scor- 
butic animal displays spontaneous bleeding 
—in the gums and joints, and beneath the 
skin—and this may account for the fact that 
scorbutic individuals are very susceptible to 
bruises. Probably the anemia ts likewise a re- 
sult of internal bleeding, although some re- 
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cent work indicates that the fragility of the 
capillaries may be due partly to a deficiency 
which is closely 
acid in many 


of an unidentified factor, 
associated with ascorbic 
loods. 

The minimum daily requirement of each 
vitamin is very small. Ten milligrams (.01 g) 
of ascorbic acid, and considerably less of 
most of the other vitamins, are entirely ade- 
quate in preventing a deficiency. Conse- 
quently it is plain that the vitamins are not 
important as sources of energy for the body. 
Rather the represent important 
structural components in the protoplasm. 

FAcTs ABOUT SOME OTHER VITAMINS. Vita- 
min research has advanced very rapidly in 
recent years, and only a brief description of 
the firmly established results can be presented 
in this account. 

Vitamin aA is a_ colorless compound 
(C.,H3,9), but the body can derive vita- 
min A from carotene (C,,H;,), an orange 
pigment present In many green and yellow 


vitamins 


Fig. 18-2. Upper  photo- 
graph: Drastic scurvy in a 
guinea pig. Lower  photo- 


graph: Restoration with pure 
ascorbic acid (crystalline vita- 

‘min C.) (Courtesy E. R. Squibb 
and Sons.) 


vegetables. Accordingly, carotene may be 
specified as a provitamin. Mild deficiencies 
of vitamin A result in night blindness (p. 
423), whereas drastic deficiency leads to a 
serious eye defect, called xerophthalmia, in 
which the cornea becomes very dry and ul- 
cerated (Fig. 18-3 and Table 18-3). 

Recently it has been shown that vitamin 
A plays an important role in viston. It 1s a 
component needed by our retinal rod cells 
for the synthesis of rhodopsin, the photo- 
sensitive pigment concerned with black- 
white vision (p. £23). Night blindness—that 
is, an inability to see properly in dim light— 
results, therefore, when the pigment content 
of rods of the retina becomes depleted. 

Vitamin A is one of the group of the fat- 
soluble vitamins (A, D, and E), which are 
stored to some extent in the liver; and this 
accounts for the fact that liver oils, derived 
from fish such as the cod, halibut, and shark, 
are excellent natural sources of these vita- 
mins. 


Fig. 18-3. 


Upper photograph: Drastic vitamin A defi- 
ciency in a white rat, showing blindness as a result of 
an ulceration of the cornea. Lower photograph: Restor- 
otion of the eyes after feeding adequate quantities of 
vitamin A. 


In some cases a deficiency of the fat-soluble 
vitamins may result, not so much from their 
lack in the diet, but more from a failure in 
their absorption. Because bile salts are nec- 
essary for this absorption, deficiencies may 
arise in cases of gall bladder or other liver 
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malfunction. Moreover, two of the fat-solu- 
ble group, namely A and D, are the only 
vitamins that are known to have deleterious 
effects when taken in great excess. 

Previously the B-complex of vitamins was 
thought to be a single compound. Now, how- 
ever, at least ten separate B vitamins have 
been identified, although not all of these 
will be discussed. 

A deficiency of thiamine, or vitamin B,, 
gives rise to polyneuritis, or beriberi, as it 1S 
usually called in man. Drastic polyneuritis 
involves degenerative changes in the nerves 
and a severe progressive paralysis. The pa- 
ralysis disappears very rapidly, however, 
when thiamine is given. A polyneuritic ani- 
mal frequently regains normal muscular 





Fig. 18-4. Upper photograph: Pigeon suffering from 
polyneuritis. Lower photograph: Same bird less than 
3 hours after treatment with thiamine (vitamin B,). 
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movement in one hour, after the vitamin is 
injected tmtravenously (Fig. 18-1). Drastic 
beriberi became prevalent for a time among 
rice-eating populations when modern meth- 
ods of polishing the grain began to be 
adopted. The outer seed coats of the cereal 
grams are excellent sources of thiamine and 
the other vitamins of the B-complex, and 
consequently highly refined grain is a poor 
substitute lor whole grain (Table 18-3). 

A deficiency of vitamin B. (riboflavin) 
leads to various symptoms, including (1) loss 
of weight; (2) a scaliness of the skin around 
the mouth and ears; and (3) a predisposition 
to cataract (Fig. 18-5). Ribollavin, thiamine, 
miutcin, pyridoxin, and cobalamin (see Table 


18-3) all serve as coenzymes in various reac- 
tions in cellular metabolism (p. 102). 





Pellagra is still a fairly prevalent deficiency 
disease. This is especially true in some dis- 
tricts of the South Atlantic states, where the 
traditional diet is restricted mainly to maize, 
molasses, and meat. The main symptoms of 
pellagra are dermatitis and diarrhea, al- 
though severe pellagra may termunate finelly 
In prostration end death. The main pellagra- 
preventing (P-P) factor is niacin, whiclt also 
has been called nicotinic acid, although many 
cases Of pellagra are compheated by an ab- 
sence of other B-complex vitamins. Niacin 
has become aviailable—sinee the vitamin has 
been isolated and synthesized artificially--- 
but traditions of diets are hard to eradicite, 
and pellagra still remains somewhat of a 
problem. Vitamin By, (pyridoxin)—the antti- 
dermatitis fietor—is frequently absent from 


Fig. 18-5. Upper  photo- 
graph: Deficency of ribo- 
flavin retards growth and 
induces certain changes in 


the skin. Lower photograph: 
Some restored to 
normol by riboflavin feeding. 


animal, 


the pellagra diet, and this vitamin may be 
responsible for the skin complications that 
are almost always observed in clinical pella- 
gra. 

Six other B-complex vitamins can only be 
mentioned. Vitamin B,. (APA), the anti- 
pernicious anemia factor, has recently been 
crystallized from liver concentrates, and this 
crystalline product displays great potency in 
maintaining the activity of the erythrocyte- 
forming tissues of the body. Likewise folic 
acid is now recognized as an important factor 
in normal red-cell formation, and most cases 
of pernicious anemia respond completely to 
the administration of APA in combination 
with folic acid. Inositol and para-aminoben- 
zoic acid, respectively, are reported to pre- 
vent the falling and the graying of the hair 
of rats; and a deficiency of pantothenic acid 
is associated with certain nerve and skin dis- 
orders. However, deficiencies of these last 
three vitamins have not been demonstrated 
in man, perhaps because the very small re- 
quirements are almost inevitably provided in 
almost any diet—or because inositol and 
para-aminobenzoic acid, at least, like certain 
other B-complex components are synthesized 
in significant quantities by the bacteria of 
the intestinal tract. Finally there is biotin, a 
vitamin that initially was shown to be essen- 
tial for the growth of yeast. This compound 
also seems necessary, in very minute amounts, 
in many mammals, including man. Biotin is 
widely distributed in natural foods, although 
molasses, egg yolk, and liver have an espe- 
cially high content. Raw egg white, on the 
other hand, contains a specific protein, avi- 
din, which interferes with the absorption of 
biotin. One of the few human cases in which 
a biotin deficiency has been demonstrated 
was that of a man whose diet consisted al- 
most entirely of raw eggs and wine. 

Both biotin and pantothenic acid are now 
known to serve as coenzymes in cellular me- 
tabolism. Biotin is active in reactions leading 
to the synthesis of certain purines (p. 89) 
and in reactions involving the fixation or 
transfer of CQ,; whereas pantothenic acid 
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is a constituent of the very important coen- 
zyme A (p. 154). 

Rickets—which is caused by a deficiency 
of vitamin D—was fairly prevalent some 
fifty years ago, but the spindly, crooked legs 
of the rachitic child are seldom seen today. 
In rickets, the deposition of calcium and 
phosphorus compounds in the growing bones 
is faulty; and consequently the bones are 
weak and malformed. 

Vitamin D, or calciferol, is derived from 
ergosterol—a closely related steroid com- 
pound—when the latter is irradiated by ul- 
traviolet light. The body accomplishes this 
transformation in the skin, provided there 
is an adequate exposure to direct sunlight, 
or to some other source of ultraviolet radia- 
tion. Ergosterol, which is called the provita- 
min, is present in many animal fats such as 
butter; and in summer vitamin D deficien- 
cies are relatively rare. But in winter—and 
under other conditions of reduced sunlight 
—supplementary concentrates of vitamin D 
should be added to the diet of children and 
of women during pregnancy and lactation. 
Great excesses of vitamin D are to be 
avoided, however, since they may lead to 
malformations of the limbs. 

Vitamins E and K have been identified 
also. A deficiency of vitamin E (a-tocopherol) 
induces sterility, at least in some animals, 
such as the rat. Female rats cbort their young 
long before the normal time of birth; and 
males become sterile, due to degenerative 
changes in the testes. At present it has not 
been shown that a vitamin E deficiency 1s 
responsible for any kind of sterility in man, 
although this possibility has not been ruled 
out completely. Certain types of muscular 
paralysis and of heart disease, on the other 
hand, have responded well to the administra- 
tion of vitamin E, although the relation be- 
tween these diseases and a lack of a-tocoph- 
ero] remains obscure. 

With a deficiency of vitamin K, the liver 
fails to synthesize adequate quantities of 
prothrombase; and consequently the coagu- 
lating capacity of the blood becomes im- 
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paired.) Significant amounts of vitamin K 
are synthesized by the bacteria in man’s 
colon so that human deficiencies of this vita- 
min are quite rare—except under certain 
circumstances. In new-born infants, a defi- 
ciency may arise before the bacterial flora in 
the large intestine has reached full develop- 
ment, and in adults it may arise in cases of 
bile duct obstruction—since the bile salts are 
necessary for a proper absorption of the fat- 
soluble vitamuns (A, D, E, and kK). Thus many 
hospitals now give fortifying doses of vitamin 
K as a precaution against hemorrhage in 
obstetrical cases, and in operations involving 
the liver or the biliary tract. 

ORIGIN AND NATURE OF VITAMINS. Modern 
studies have made it clear that most, if not 
all, of the compounds designated as vitamins 
in animal nutrition are essential components 
of protoplasm generally—in plants as well as 
animals. In fact most of these compounds 
play similar roles—as essential coenzyme 
components of metabolic enzymes—in plant 
and animal cells generally. However, typical 
plants are able to synthesize their own essen- 
tial compounds entirely from inorganic mat- 
ter—and therefore vitamins are not listed 
among the fuod requirements of the plant. 

Among saprophytic forms the power of 
synthesizing essential protoplasmic  com- 
pounds varies widely, and there is good evi- 
dence to indicate that a loss of synthesizing 
power has played a significant role in the 
evolution of different species. The ordinary 
“wild” variety of the red baker's mold, Neu- 
rospora, for example, displays maximum 
growth on a medium that contains only one 
of the generally recognized vitamins (biotin). 
But if this mold is subjected to a suitable 
dosage of x-ray—a treatment that induces 
genic mutations (p. 5]0)—new varieties are 
obtained that cannot grow unless the me- 
dium contains one or more other vitamins, or 
even the full assortment of vitamins neces- 








sary in animals generally. In many cases, 


’ Several different compounds having an action simi- 
lar to that of vitamin K have been discovered, and it 
is possible that vitamin K is not a single substance. 


moreover, the experiments demonstrate a 
definite relation between the mutation of a 
single gene and the inability of the mold to 
synthesize some one particular compound. 

It is early to generalize from such experi- 
ments, even though considerable data are 
beginning to accumulate. It seems hkely, 
however, that primitive organisms, much 
earlier in geological time, generally possessed 
more extensive synthetic powers. In plants 
such powers of synthesis were completely 
essential to survive, because plants take in 
no organic foods, and such syntheses were 
not eliminated by natural selection (p. 158). 
Animals, on the other hand, feed extensively 
upon the products of other organisms, and 
consequently the capacity to synthesize or- 
ganic compounds is less essential. Among 
animals, therefore, the capacity to synthesize 
many compounds was susceptible to elimina- 
tion through natural selection. And even 
today, although the vitamin requirements of 
different animals are generally alike, what is 
the vitamin in one animal is not necessarily 
the vitamin of another. In the case of ascor- 
bic acid, for example, this vitamin is essential 
only in man and a few other species—such as 
apes, monkeys, and guinea pigs. In other 
words, scurvy, or its equivalent, is never en- 
countered in a majority of species, because 
most animals have not lost the metabolic en- 
zymes by which ascorbic acid can be synthe- 
sized in the cells. 


SUMMARY 


Only a carefully balanced diet will sus- 
tain growth and health in man and other 
animals. The daily energy expenditure must 
be balanced by an adequate caloric content 
in food; and the food must provide adequate 
amounts of all substances needed in con- 
structive metabolism. ‘These structural re- 
quirements include water, various essential 
Inorganic salts, at least a minimum of pro- 
teins and natural fats, and a full assortment 
of such vitamins as are -essential m the par- 
ticular species. 
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TEST CQUESTIONS 


Specify three factors that account for the 
fact that a large proportion of our organic 
food can be absorbed from the small intes- 
tine. 
Make a labeled diagram of one of the in- 
testinal villi, showing its relations to the 
blood vessels and lymphatics of the intestinal 
wall. 
What factors help to explain the fact that 
fatty components of our foods are absorbed 
mainly into the lymph stream rather than 
into the blood stream? 
What factors account for the fact that the 
end products of the digestion of our nonfatty 
foods are absorbed mainly into the blood 
stream rather than into the lymph stream? 
Specify at least five metabolic functions per- 
formed by the liver. How can you account 
for the fact that the vertebrate liver has 
assumed so many important functions? 
Under what circumstances would you expect 
to find: 
a. galactose and benzoic acid in all parts 
of the blood stream 
b. that blood entering the liver (portal 
blood) contains more glucose than 
blood leaving the liver (hepatic blood) 
c. that the hepatic blood contains more 
glucose than the portal blood? 
How are (b) and (c) of the previous question 
related to glycogen storage and the mainte- 
nance of a steady blood-sugar level? 
What are the symptoms of hypoglycemia and 
hyperglycemia, and how are these conditions 
related to insulin and adrenalin? 
When the diet is very low in protein foods, 
scarcely any of the absorbed amino acids are 
deaminated in the body and very little urea 
appears in the urine. Explain fully. 
A high protein diet is accompanied by a 
large urea production. Explain. 
In man’s liver and kidney the deamination 
reactions are quite different. Explain fully. 
Explain why the total energy expenditures 
of the body are measured in terms of Calo- 
ries (heat units). 
What is meant by the basal metabolism of an 
individual; how is the B.M. usually meas- 
ured; and why 1s this basic energy expendi- 
ture essential for the maintenance of life? 
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Assuming that the energy deficit is made up 
partly (24) hy sacrificing the glycogen re- 
serves and partly (14) by oxidizing reserve 
fat, how much weight will a man lose in one 
week if his daily food provides only 2000 
Calories while his daily work demands an ex- 
penditure of 2500 Calories? 
During starvation, the organic components 
of the body are sacrificed in such a way that 
a maximum time of survival js assured. Ex- 
plain fully. 
The daily diets of four college students are 
given below. Appraise each diet and explain 
the consequences of the deficiencies (if 
any): 
Diet A: 
Water, salts, and vitamins, adequate 
Fats, 100 grams 
Starch, 100 grams 
Protein, 50 grams 
Diet B: 
Water, adequate 
Salts, adequate quantity but lacking in 
iodides 
Vitamins, adequate 
Carbohydrates, 500 grams 
Fats, 50 grams 
Proteins, 25 grams 
Diet C: 
Water, salts. and vitamins, adequate 
Proteins, 600 grams 
Fats, 50 grams 
Carbohydrates, virtually none 
Diet D: 
Water, salts, and vitamins, adequate 
Carbohydrates, 400 grams 
Fats, 50 grams 
Proteins (all from corn and gelatin), 200 
grams 
Select any one of the known vitamins and 
explain how and why it is typical of the 
vitamins generally. 
The physiological roles of some of the vita- 
mins are now partially understood. Explain 
this statement carefully, citing at least six 
specific examples. 
A doctor’s new patient is observed to have 
bow legs and poor teeth, and he stumbles 
over a footstool in the dimly lighted office. 
Prescribe: 
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(a) the proper purified vitamins (if the pa- “pep” and appetite and a thorough 
tient can afford this), or examination fails to reveal any tangi- 

(b) a fortification of the diet by appropriate ble pathology 
loods b. the youngster is “small for his age,” 
20. Prescribe, as above, in the followmeg cases: has scaly patches around the mouth 


a. the patient complains of a lack of and ears, and doesn’t see very well 


FURTHER READINGS 


1. Chemistry of Food and Nutrition, by H. GC. 4. Great Experiments in Biology, sections on 


sherman; New York, 1926. vitamins, by C. Eijkman, B. C. Jansen, W. F. 
2. Juans, by Gtenry~ Borsook; New. York, Donath, k. Lohmann, and P. Schuster, ed. 

1911. by M. Gabriel and S. Fogel: Englewood Cliffs, 
a Nutritional Deficiencies, by J. B. Youmans; IN ees oD: 


Philadelphia, 1943. 


19=Respiration 


WITHOUT oxygen the cells of the body 
deteriorate quite rapidly. Certain parts of 
the brain, indeed, may be damaged irrepa- 
rably by less than five minutes of complete 
asphyxiation. This probably represents an 
extreme of vulnerability, but the fact re- 
mains that the cells of most animals need a 
fairly constant supply of oxygen. Also, the 
carbon dioxide produced by the body must 
constantly be removed if the cells are to 
maintain their living structure and activity. 

The problem of respiration 1s not very 
acute among small aquatic animals, like Para- 
mecium or Hydra. The respiratory gases have 
relatively high diffusion rates. Oxygen from 
the surrounding water enters the protoplasm 
of such small organisms as fast as it is con- 
sumed, and carbon dioxide passes out to the 
environment before it accumulates unduly 
in the protoplasm. Therefore no specialized 
respiratory structures are necessary among 
such small aquatic forms. 

With larger animals, the deeper-lying tis- 
sues would soon be asphyxiated if they de- 
pended solely upon diffusion in obtaining 
their oxygen and disposing of their carbon 
dioxide. Oxygen from the environment would 
be used up by the superficial cells before it 
could reach the deeper ones; and the super- 


ficial tissues would be called upon to elimi- 
nate not only their own carbon dioxide, but 
also that produced by the deeper cells. Ac- 
cordingly, the problem of respiration becomes 
more acute as the mass of the animal body 
becomes greater, and in all larger animals 
the circulatory system takes over the func- 
tion of transporting the respiratory gases 
between the deep-lying tissues and a respir- 
atory surface. 

With the mtervention of the circulatory 
system, the processes of respiration become 
more complicated. In fact, the respiration of 
higher animals involves three processes: (1) 
external respiration—the exchange of oxy- 
gen and carbon dioxide between the blood 
and the environment; (2) the transportation 
of oxygen and carbon dioxide in the blood 
stream to and from the various tissues; and 
(3) imternal respiration—the exchange of 
oxygen and carbon dioxide between the 
blood and the tissues of the body. 


EXTERNAL RESPIRATION 


Each animal is equipped with some sort of 
moist surface at which the blood undergoes 
aeration. Typically the respiratory surface 
comes into direct contact with the environ- 
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ing air or water, and the respiratory surface 
is provided with an extensive network of 
capillaries immediately beneath the surface. 
At such a richly capillaried surface, equili- 
brium occurs very quickly between the blood 
and the environment; that is, oxygen quickly 
enters and saturates the blood, whereas car- 
bon dioxide leaves the blood, entering the 
environment. 

In animals like the earthworm, the entire 
body surface takes part in external respira- 
tion, but this is not a very efhcient arrange- 
ment. To facilitate a rapid aeration of the 
blood, the respiratory surface must be moist 
and delicate, and this makes it susceptible to 
external injury. The earthworm, for exam- 
ple, cannot leave the protection of its bur- 
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Fig. 19-1. Diagram of the gills of a fish (shark). 
Arrows indicate the direction of flaw of water. 





row, except for relatively short periods. Ex- 
posure to sunlight shrivels and hardens the 
delicate skin of the earthworm—and when 
this occurs, respiration becomes inadequate. 

Gills. Most aquatic animals have devel- 
oped gills (Fig. 19-1), which serve as special 
ized organs of external respiration. Typical 
fish, for example, possess a hard scaly surface 
covering most of the body. Such a surface 
protects the individual from injurious con- 
tacts, but it is not a suitable surface for 
aeration. But the delicate gills of the fish 
provide an excellent surface for the aeration 
of the blood. The gills he in a protected 
position in the gill clefts, which lead from 
the pharynx to the exterior of the body. The 
fish takes in a continuous stream of water, 
which passes through the mouth and out 
through the gill clefts, bathing the soft fleshy 
gills. Typically each gill is a lobulated miass, 
which is well supplied with blood capillaries 
(Fig. 19-2). This arrangement provides an 
udequate surface across which oxygen and 
carbon dioxide are exchanged between the 
blood passing through the gill and the water 
passing over the gill. 

Lungs. Gills are not well suited to terres- 
trial conditions because they are too exposed 
and vulnerable to the drying effects of the 
atmosphere. Instead of gills, many land ani- 
mals have developed lungs. Essentially a lung 
is a deeply inpocketed respiratory surface, 
which is not exposed directly to the external 


Fig. 19-2. The larva of an 
amphibian (Amblystama 
punctatum) showing external 
gills. Each gill is a fleshy out- 
grawth richly permeated by 
capillaries, in which the bload 
very quickly undergaes aera- 
tion. (Courtesy of Roberts 
Rugh, Columbia University.) 
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atmosphere. Accordingly lung-breathing ant- 
mals have developed methods of ventilating 
the recesses of the lungs. Unless air in the 
lung sac is changed from moment to mo- 
ment, oxygen is soon depleted from the pul- 
monary air, and carbon dioxide accumulates 
to toxic levels. 

In higher vertebrates the lungs arise as a 
simple tubular outgrowth from the floor of 
the pharynx. This lung bud pushes posteri- 
orly—parallel and ventral to the esophagus 
—until it reaches the thorax. Here the tube 
forks, sending a branch to each side of the 
thorax. Each branch gives rise to a lung, 
which eventually occupies almost all the cor- 
responding side of the thoracic cavity. 

The unbranched portion of the air passage 
(Fig. 19-3) becomes the larynx and trachea, 
and the two main forks become the bronchi. 
On entering the lung each bronchus gives 
rise to many branches, which form the 
smaller bronchioles in -all parts of the 
lung. Eventually each bronchiole terminates 
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blindly, by leading into a cluster of tiny 
air chambers, the aeveoli (Fig. 19-4) Each 
alveolus lies in intimate contact with a net- 
work of capillaries; in the human lung, there 
is an alveolar surface of more than 1000 
square feet across which an aeration of the 
blood occurs. All the many branches of the 
“bronchial tree” are held in place by elastic 
connective tissue that fills in the interalveo- 
lar spaces; and each lung is covered as a 
whole by its own external epithelium, called 


the pleura. 
BRONCHIOLE 
we 
ran ye 
-_— 
) 


eee 
iB Ss LVEOLUS 
ce 


Fig. 19-4. Structure of a small portion of the human 
lung. 
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If removed from the body, the lung shrinks 
down into a relatively small spongy mass. 
Such a deflated lung may be reinflated 
through the trachea—in which case the walls 
become stretched like those of a toy balloon. 
But if the inflation pressure is released, the 
elasticity of the stretched pulmonary walls 
again deflates the lung, expelling most of its 
content of air. 

The tree: transit of air to: and: trom the 
lungs is assured by the fact that the walls of 
the larynx, trachea, bronchi, and larger bron- 
chioles are reinlorced with cartilage, which 
prevents the passages from collapsing (Fig. 
19-3). In the trachea and bronchi the carti- 
laginous reinforcements take the form of a 
series of incomplete rings, or bands. But the 
larynx, which houses the vocal cords, is 
strengthened by a larger single encasement of 
cartilage (Fig. 19-3). 

Each lung is covered externally by a smooth 
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Fig. 19-5. 





epithelium, which is called the pleura; and 
there is also a pleural lining on the inner 
surface of the thorax wall (Fig. 19-3). Thus 
between the two layers of the pleura there 
exists, at least potentially, a cavity, called 
the pleural cavity. Normally the pleural cav- 
ity is practically obliterated by the fact that 
the outer surface of the Jung lies in intimate 
contact with the inner surface of the thoracic 
wall. However, if the pleural linings become 
inflamed, as in pleurisy, fluid tends to accu- 
mulate m the pleural cavity. 

The pleural cavity has no communication 
with the outside atmosphere. Above and to 
the sides it is bounded by the body wall, and 
below, the pleural cavity is walled off from 
the abdominal cavity by the diaphragm, a 
strong dome-shaped sheet of muscle tissue 
(Fig. 19-3). Pressure in the pleural cavity 1s 
generally negative (that is, less than the pres- 
sure of the outside atmosphere), because the 


Inspiration 


Manner in which the valume of the chest cavity is increased during an 


inspiration. Each rib is attached to the vertebral column behind, and to the breast- 
bone in front, and, like the handle of a bucket, moves outward as it is pulled up. 
In addition, the whale breastbone moves up slightly during on inspiration, sa that 
the distance from vertebrol column to breastbane is also increased. Finally, the 
downward movement of the diaphragm increases the third (vertical) dimension 
of the chest. (Drawn by E. M. From Gerard, The Body Functions. Permission of 


John Wiley and Sons, Inc.) 


elasticity of the inflated lung tends to pull 
the lung away from the thoracic wall, gener- 
ating a partial vacuum in the pleural cavity. 
Thus to collapse a lung while it is still in 
the body—and this is sometimes necessary in 
severe tuberculosis—the surgeon merely 
punctures the thoracic wall. This operation 
permits air to flow directly into the pleural 
cavity, destroying the partial vacuum and 
allowing the lung to deflate itself as a result 
of its own elasticity. 

Breathing Movements. Adequate aeration 
of the blood in the lungs depends upon an 
efficient ventilation of the alveolar air spaces; 
and in most animals the breathing move- 
ments go on continuously. Each inspira- 
tion is quickly followed by an expiration, 
and in man, these respiratory movements 
recur about 18 times per minute from birth 
to death. 

Inspiration involves a coordinated contrac- 
tion of a number of muscles; and expiration 
follows when the same muscles relax. ‘The 
muscles most important in breathing are the 
diaphragm and the intercostal muscles. ‘The 
action of the rib muscles is to broaden and 
deepen the thorax, increasing its cubic ca- 
pacity (Figs. 19-5 and 19-6). ‘The intercostal 
muscles raise the ribs and swing them later- 
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ally, more or less like the handle of a bucket 
(Fig. 19-5); and simultaneously the dome- 
shaped diaphragm contracts, lowering the 
floor of the thorax (Fig. 19-6). Such an en- 
largement of the thorax increases the partial 
vacuum in the pleural cavity, and this suc- 
tion is transmitted through the lungs to the 
outside air. ‘hus, as soon as the intrapul- 
monary pressure falls below that of the out- 
side atmosphere, air passes into the lungs 
via the trachea and other passages. 

Expiration usually involves a simple re- 
versal of these movements. The relaxing 
intercostal muscles allow the ribs to spring 
back to their former position; the diaphragm 
encroaches upon the thorax from below; and 
both these processes allow the lungs to expel 
the air that previously was inhaled. 

Extra deep, or forced, breathing requires 
the cooperation of the abdominal muscles. 
At the apex of the fullest inspiration the dia- 
phragm is greatly depressed. Thus consider- 
able pressure would be exerted upon the 
abdominal organs, were it not for the fact 
that stmultaneously there is a relaxation of 
the muscles of the abdominal wall. Con- 
versely, at the extremity of a forced expira- 
tion, the muscular abdominal wall clamps 
down, forcing the viscera to push the dia- 
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(right). Note that during inspiration (1) the ribs and breastbone are elevoted, 
and (2) the diaphragm and heart are depressed. (Courtesy, Roentgenology Staff, 
Billings Hospital. Fram Gerard, The Bady Functions. Permission of John Wiley and 


Sans, Inc.) 
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phragm as far as possible upward into the 
thoracic cavity. Likewise, coughing and sneez- 
ing represent forced expirations that involve 
a vigorous contraction of the abdominal mus- 
cles. The resulting wave of pressure in the 
abdominal cavity is transmitted across the 
diaphragm to the lungs, and a draft of air is 
forced upward through the respiratory pas- 
sages, clearing the trachea, pharynx, and, per- 
haps, the nasal passages of irritating matter. 

Volume Intake and Output of the Lungs. 
The lungs of man have large reserves to meet 
the demands of work and exercise. During 
sedentary activity, only about 500 cc of air 
are swept into and out of the lungs each 
time we breathe. But with the deepest in- 
halation it is possible to encompass an extra 
2500 cc, and the strongest exhalation can 
put forth an additional 1000 ce of air. Thus 
a maximum exhalation following a maxi- 
mum inhalation may deliver about 4000 cc; 
this total represents the vital capacity of an 
individual. A trained athlete usually displays 
a relatively high vital capacity, although the 
physical stature and build of the individual 
must be taken into consideration. Certain 
diseases of the lungs and heart, on the other 
hand, may reduce the vital capacity below 
the standard of the age-sex-stature group to 
which the individual belongs. 

About 1000 cc of air remain in the lungs 
at the end of the strongest exhalation. The 
trachea, bronchi, and bronchioles contain 
about 150 cc of this residual air, and the 
remainder hes in the alveolar spaces. Even 
a collapsed lung, completely removed from 
the body, contains some air. Accordingly 
such a lung is sufhiciently buoyant to float in 
water. ‘This is not true, however, of the lung 
of a fetus, or of a stullborn child, which 
never has been inflated with Conse- 
quently the floating test is commonly em- 
ployed by the medical examiner in cases of 
suspected inlanticide. 

Composition of the Alveolar Air. The 
aeration of the blood occurs almost entirely 
in the alveoh, and not in the larger air pas- 
sages (trachea, bronchi, and larger bronchi- 
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oles). Consequently it is most important to 
determine the composition of the inspired 
air that reaches the alveolar chambers. Owing 
to the incompleteness of the ventilation of 
the deeper recesses of the lungs, the composi- 
tion of alveolar air is somewhat different 
from that of the outside atmosphere. ]nevita- 
bly there is some depletion of oxygen and 
acciunulation of carbon dioxide in the alveo- 
lamar 

Of the 500 cc of fresh air inhaled at each 
breath, about 150 cc never reach the aveol 
but remain in the so-called “dead space” of 
the trachea, bronchi, and larger bronchioles. 
Thus only 350 cc reach the alveolar cham- 
bers. Accordingly the new air is diluted by 
(1) the air that previously occupied the dead 
space and (2) the residual alveolar air. ‘Thus 
the alveolar air is a mixture of “new” and 
“old” air in which the “old” predominates. 
An air sample collected at the end of a maxi- 
mum forced expiration closely approximates 
the alveolar air; the composition of alveolar 
air, compared with atmospheric air, is given 
in Table 19-). 


Table 19-1—Comparison between 
Atmospheric and Alveolar Air 





Percent by Volume 


Atmos- Alveolar 
pherie Atr Air 
(Dried) (Dried) 
ORS PETE iy vee 20.96 2 
Carbon dioxide 0.04 5.5 
Nitrogen (with argon) 79.00 80.3 
AT A LSet Nees ] 00.00 100.0 


A, 


Even though alveolar air is relatively poor 
in oxygen and rich in carbon dioxide, aera- 
tion of the blood in the alveolar capillaries 
proceeds on a strictly diffusional basis. Uf 
venous blood, such as passes to the lungs, 1s 
exposed directly to alveolar air, the blood 
absorbs oxygen and gives off carbon dioxide. 
In the lung the alveolar air is separated from 
the blood merely by the exquisitely thin 
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Fig. 19-7. 
sacs and the bload in the lung capillaries. 


walls of the alveolus and capillaries (Fig. 
19.7), and these membranes are so freely per- 
meable to the respiratory gases that they 
cause little delay in the attainment of equi- 
librium. 

Many early students of respiration believed 
that the alveolar walls could force oxygen 
into the blood, especially when the concen- 
tration of oxygen in the alveolar air is ab- 
normally low. However, no convincing evt- 
dence for this view has been obtained. At 
high altitudes—where the air is rarefied— 
the oxygen concentration in the alveolar air 
falls off despite the fact that the breathing 
becomes deeper and faster. At sea level the 
total atmospheric pressure approximates 760 
mm of mercury, of which about 150 mm 
represents the partial pressure of the oxy- 
gen. In the alveoli, where the proportion 
of oxygen is only two thirds that of the out- 
side atmosphere, the oxygen pressure 1s 
therefore only about 100 mm of Hg. Acute 
respiratory embarrassment begins to appear 
at about 14,000 feet. Here the outside atmos- 
pheric pressure falls to about 450 mm of Hg 
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and the oxygen pressure in the alveoli is re- 
duced to about 55 mm of Hg. Now the blood 
passing through the lungs fails to absorb 
enough oxygen to supply the body’s needs. 
The venous blood as it comes to the lungs 
from the tissues still has an oxygen content 
equivalent to 40 mm of Hg. Thus the con- 
centration gradient between the alveolar air 
and blood has been reduced to 15 mm (55 
mm in alveolar air at 14,000 feet elevation 
minus 40 mm in the alveolar blood); and at 
this gradient the diffusional force that drives 
O, into the blood begins to be dangerously 
close to inadequate. 

The symptoms of mountain sickness, in- 
cluding severe headache, nausea, and emo- 
tional instability, indicate that the body, and 
especially the brain cells, are suffering from 
partial asphyxia, although some of the sym- 
toms of high altitude distress originate from 
an excess outpouring of CO, from the blood 
stream. Gradually an individual can become 
acclimated to high altitude, because altitude 
stimulates the bone marrow to mobilize a 
much greater abundance of red cells; and 
these of course augment the oxygen-carrying 
capacity of the blood. However, no person 
can live at altitudes very much higher than 
14,000 feet, unless equipped with an artificial 
oxygen supply. When the alveolar oxygen 
tension drops significantly below 50 mm of 
Hg, the quantity of oxygen that can reach 
the blood is insufhcient, and the blood is un- 
able to carry enough oxygen to supply the 
minimum demands of the body. 


THE OXYGEN-CARRYING CAPACITY 
OF BLOOD 


Blood is able to absorb and carry large 
quantities of oxygen—about 50 times more 
than an equivalent volume of plasma. If 
blood is exposed to a sea level atmosphere 
containing 14 percent of oxygen (alveolar 
air), It continues to absorb oxygen until it 
contains about 20 cc of pure oxygen per 100 
cc of blood. This high oxygen-carrying capa- 
city of blood is mainly due to its content of 
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hemoglobin, which is a very efficient respira- 
tory pigment. 

Only a small fraction (about 2 percent) of 
the oxygen load of the blood remains freely 
dissolved in the plasma and in the proto- 
plasm of the corpuscles. Most of the oxygen 
unites chemically with the hemoglobin in 
the erythrocytes. As fast as it cliffuses into the 
corpuscles from the plasma, free oxygen con- 
tinues to unite with hemoglobin until all of 
this pigment has become oxygenated. Conse- 
quently the plasma does not reach equilib- 
rium with the alveolar air until the hemo- 
globin becomes saturated. 

Hemoglobin vs. Oxyhemoglobin. About 
90 percent of the dry weight of each red 
corpuscle represents the complex iron-con- 
taining protem pigment, hemoglobin. The 
chemical properties of this compound are 
admirably adapted to the role it plays as an 
oxygen carrier. Hemoglobin combines with 
oxygen on a 1:4 molecular basis, forming 
oxyhemoglobin (p. 321). Oxyhemoglobin dis- 
plays a bright scarlet color—in contrast to the 
dull purplish red of reduced hemoglobin. 
Consequently, the color of whole blood alters 
considerably while it flows through the lungs 
and changes from an unaerated (venous) to 
an aerated (arterial) condition. 

As a carrier of oxygen, oxyhemoglobin 
must be an unstable compound, capable of 
liberating free oxygen when the blood 
reaches the various tissues of the body. In 
other words, the oxygenation of hemoglobin 
is a delicately poised reversible reaction. It 
shifts in either clirection, depending upon 
small changes that occur in the chemical 
composition of the blood in the different 
parts of the circulation. This reaction, ex- 
pressed in simplified equational form, may 
be written as follows: 


high O1; low COz 
at the lungs 
>_> 
Hb + (4), == “HBO, 
ot the tissues 
low O2; high COs ‘ 
reduced oxyhemoglobin 


hemoglobin 


The binding and freeing of oxygen in the 
blood is mainly controlled by the quantities 
of oxygen and carbon dioxide present in the 
different parts of the circulatory system—a 
conclusion (see Fig. 19-8) based on many ex- 
periments. In leaving the lungs, arterial 
blood remains isolated in the pulmonary 
veins and in the various arteries, until it 
reaches the capillaries in some other part of 
the body. Here the HbO, is exposed to an 
environment in which there is relatively httle 
free oxygen—since the tissue cells consume 
oxygen—and here also carbon dioxide is 
abundant due to the continuous production 
of CO, by the tissues. Under these conditions 
(Fig. ]9-8) HbO, liberates free oxygen, which 
then diffuses from the corpuscles, across the 
plasma and intervening membranes, into the 
tissue cells. Carbon dioxide, in contrast, con- 
tinually diffuses in the opposite direction. 
Carbon dioxide passes from the cells, where 
its concentration 1s maximum, into the blood. 
This gas exchange between the blood and the 
tissues is specified as internal respiration, 
and internal respiration proceeds spontane- 
ously on a diffusional basis. 

Venous blood, on leaving the tissues, like- 
wise remains isolated in the veins and in the 
pulmonary arteries until it reaches the lung 
capillaries. Here the reduced Hb is exposed 
to the relatively abundant oxygen of the 
alveolar air, and here also carbon dioxide 
begins to leave the blood by diffusing into 
the alveolar air spaces. Both these factors, 
namely high O. and low CO., favor the 
formation of HbO.; and in the few seconds 
required for the corpuscles to file through the 
capillaries bordering the alveoli, practically 
all the hemoglobin is transformed to oxy- 
hemoglobin. 


CARBON DIOXIDE-CARRYING CAPACITY 
OF BLOOD 


Whole blood will absorb and carry more 
than 50 cc of COs, which is some 10 times 
greater than the amount that can be dis- 
solved in an equivalent amount of plain 


% Hb as 
Hb0. 
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Fig. 19-8. The 


“oxygen dissociation curves’ 


QO; pressure 


of hemoglobin are shown at 


four different carbon dioxide pressures, indicated above each curve. Carbon 
dioxide has a marked influence on the amount of oxygen with which hemo- 
globin will combine at any porticular oxygen pressure, and this action of 
carbon dioxide is very important in the normal functioning of hemaglabin. 
The normal carbon dioxide pressure in arterial blood is slightly over 40 milli- 
meters, so that the heavy curve shows approximately the physiological condi- 
tian. (Drawn by E. M. From Gerard, The Body Functions. Permission of John 


Wiley and Sons, Inc.) 


plasma. Moreover, there is scarcely any shift 
in the pH of the blood, despite the fact that 
COz,, dissolved in aqueous media, gives rise 
to carbonic acid (H,CQ3). ‘The normal range, 
pH 7.3 to 7.5, outside of which the cells of 
the blood fail to maintain normal structure 
and activity, is not disturbed by the influx 
of CO, into whole blood; whereas plain 
plasma, saturated with COs, displays a dis- 
tinctly acidic reaction (less than pH 6). 

The hemoglobin of the red cells plays an 
important role in the transport not only of 
O, but also of CO,. To be sure, only a small 
fraction (perhaps 10 percent) of the CO, 
actually unites with hemoglobin, forming a 
loose combination called carbamino hemo- 
globin, which liberates CO, when the blood 
reaches the lung. But changes in the dissocia- 
tion tendencies of hemoglobin when it is 
oxygenated to oxyhemoglobin are intimately 
associated with the binding and freeing of 
carbon dioxide and with the stabilization of 
blood pH during these transactions. Both 
forms of hemoglobin, at the pH of blood, are 
in the acid range of their dissociation. Thus 


we may write H-Hb@H+-+Hb- and 
H-HbO, 2 H+ + HbO-. Moreover it is im- 
portant to realize that H-HbO, displays a 
stronger tendency to dissociate, yielding a 
greater concentration of H+ ion, than does 
H-Hb. 

The relationship between the equilibrium, 
H-Hb-+0O,—2@H-HbO., and the binding 
and freeing of CO, is very complex. There- 
fore it can be presented in boldest outline 
only, with particular reference to what goes 
on in the corpuscles. 

Aside from the small amount transported 
as carbamino hemoglobin, COz is carried in 
the blood in the form of bicarbonates, partly 
in the corpuscles as KHCO, and partly in 
the plasma as NaHCQOs. In the lung capil- 
laries, H-Hb is converted to H:-HbO, and 
this conversion yields extra hydrogen ion 
(H+) needed for the liberation of CO, from 
the bicarbonates. Simultaneously, however, 
H-HbO, is converted to K:HbO., a rela- 
tively stable form of oxyhemoglobin, which 
serves as the actual oxygen transport agency. 
Thus we may write: H-HbO, + K-HCO; 2 
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kK-HbO, +H-HCOs,, and H-HCO, = H.O 
+ CO, icate the stabilization of the 
O, carrier and the simultaneous freeing of 
CO, for diffusion into the alveoli of the lung. 

At the tissues, however, another trigger is 
provided by the coming in of CO. and the 
concurrent formation of carbonic acid, 
H-HCO,. This provides extra H+ ion for 
the conversion of K-HbO,, to the less stable 
form, H-HbO., which then liberates free Ou. 
Simultaneously, however, CO. is bound 
bicarbonate. Thus we may write: CO,-+ 
H,0 2 H-HCO, and H-HCO,-+ K-HbO, 
= k-HCO,+ H-HbO, and H-HbO.2@ 
H-Hb+ OO, of 
reactions. The net effect, however, is to bind 
CO, and to liberate O, at the proper mo- 
ment. Meanwhile, however, the pH situation 
is stabilized by rapid exchanges of the H+ 
ion. Truly the hemoglobin molecule has 
been cunningly evolved to subserve the essen- 
tial functions of respiration, both external 
and internal. Moreover, a special enzyme, 
carbonic anhydrase, has been evolved to 
speed up, by a factor of some 1300, the 
CO.-+ H.O = H-HCO, reaction. 

In summary, the chemical reactions which 
liberate CO. from the bicarbonates are 
coupled with the oxygenation of hemoglobin. 
Just as the pouring in of COs, at the tissues 
favors the liberation of O. at the proper 
time, so the coming in of O, fosters the free- 
ing of CO, at the lungs. Another main factor 
in the decomposition of the bicarbonates in 
the lings, of course, is the reduction of the 
CO, concentration as this gas escapes into 
the avleolar spaces. Very small changes in 
the concentration of the gases in the blood in 
the different capillary regions act upon these 
chemical equilibria and determine the bind- 
ing or freeing of each gas at the RorS: time 
and in the proper place. 








ASPHYXIA 


Any failure in the delivery of oxygen to 
the tissues, or in the usage of oxygen by the 
tissues, produces asphyxia in greater or lesser 


degree. Accordingly the causes of asphyxia 
may reside in the lungs, in the circulatory 
system, or in the tissue cells. 

Pulmonary asphyxia may result from a 
blocking of the bronchial passages, by water, 
as in drowning, or by an exudate of tissue 
fluid, as in pneumonia. When air cannot 
reach a large proportion of the alveoli, the 
quantity of oxygen absorbed and distributed 
by the blood is correspondingly restricted. 
Giving the patient pure oxygen helps—by 
augmenting the oxygen absorbed by the 
functioning alveoli; and in drowning, of 
course, an artificial ventilation of the lungs 
should be used if the asphyxia has abolished 
the normal respiratory movements. In asthma, 
there is a spasmic contraction of the muscles 
in the walls of the bronchi and bronchioles, 
which narrows these passages so drastically 
that they cannot conduct adequate air to the 
lungs. 

Curtailment of the circulation—due to dis- 
orders of the heart or blood vessels—like- 
wise curtalls the delivery of oxygen to the 
tissues. Carbon monoxide (CO), however, acts 
upon the circulation in a different way. Car- 
bon monoxide, which ts present in illuminat- 
ing gas and in the exhaust fumes of gasoline 
motors, acts by blocking the capacity of 
hemoglobin to combine with oxygen. Hemo- 
globin unites with CO much more readily 
than with O.; and the resulting cherry-red 
compound, HbCO, has no affinity for oxygen. 
In carbon monoxide asphyxia, therefore, the 
victim does not “turn blue,’’ but appears 
“flushed” due to the color of carbon-monoxy! 
hemoglobin. Resuscitation from CO asphyxia 
may be effected by artificial respiration, using 
an augmented oxygen supply—if available. 
Free Hb begins to be restored as soon as CO 
is removed from the alveolar air; and this 
restoration occurs more readily when the 
O» pressure of the alveolar air is increased. 
In anemia, all the available hemoglobin may 
be oxygenated, but the amount of hemo- 
globin is so low that the blood does not carry 
enough oxygen to the tissues. 

Respiratory poisons, such as cyanide, act 


primarily upon the tissues, rather than upon 
the blood. Cyanide, for example, blocks 
cytochrome oxidase (p. 147) and perhaps 
others of the oxidizing enzymes of the cells, 
thus preventing a proper usage of oxygen 
in the tissues. 


CONTROL OF BREATHING 


Active work may double or even treble the 
oxygen consumption of the muscles and other 
tissues, and this extra demand evokes a large 
increase in the depth and frequency of 
breathing, as well as an acceleration of the 
circulation. The breathing reflexes are in- 
tegrated in the respiratory center, which is a 
specialized group of nerve cells situated in 
the medulla part of the brain (p. 459). The 
respiratory center is particularly responsive 
to chemical conditions in the blood that 
flows to this part of the brain, and these con- 
ditions may greatly modify both the rate and 
the intensity of the motor discharges of the 
respiratory center, which are sent to the 
diaphragm via the phrenic nerves. 

Chemical Control of Breathing. The chief 
chemical factor controlling the activity of 
the respiratory center is the quantity of car- 
bon dioxide present in the blood, and the 
respiratory center is extremely sensitive to 
changes in the CO, content of the blood. If, 
for example, the breathing is not fast and 
deep enough to prevent an accumulation of 
CO, in the alveolar air, CO. tends to accu- 
mulate in the blood. This stimulates the re- 
spiratory center, increasing the rate and 
depth of the breathing until the excess of 
CO, has been “blown off” from the lungs. 
Such an automatic control is very effective. 
An increase in the alveolar CO, from 5.5 
to 5.7 percent is enough to double the breath- 
ing rate; and a decrease to 5.3 percent re- 
sults in a temporary cessation of breathing. 
Thus after a series of very deep voluntary 
inhalations and exhalations, the alveolar CO, 
concentration is significantly reduced, and 
the subsequent breathing of the individual 1s 
usually suspended for about half a minute. 
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Also the efficacy of 10 percent COs, used to 
initiate the breathing of newborn infants, 
depends upon the stimulating effect of CO, 
upon the respiratory center. 

The respiratory center is also sensitive, at 
least indirectly, to a diminution in the oxy- 
gen concentration of the blood. ‘Thus breath- 
ing becomes faster and deeper whenever the 
aeration of the blood. becomes inadequate. 
For the most part this oxygen control is in- 
direct, however. Lack of oxygen leads to an 
accumulation of incompletely oxidized prod- 
ucts such as lactic acid, and a very slight in- 
crease of hydrogen _10n concentration in the 
blood strongly stimulates the respiratory cen- 
ter: 

A person cannot “hold the breath” beyond 
a certain relatively safe limit, because in- 
hibitory impulses from the cerebrum (p. 464) 
are quenched at the respiratory center as soon 
as the chemical influences become strong 
enough to revive the rhythmic discharges of 
this center. 

Nervous Control of Breathing. Sensory 
impulses from various receptors also modify 
the rhythmic motor discharges of the respira- 
tory center. At the crest of an inspiration, 
the stretching of the pulmonary wall excites 
the pressure receptors in the wall of the lung, 
and these receptors discharge a series of in- 
hibitory impulses, which reach the medulla 
by way of the sensory fibers of the vagus 
nerves (p. 467). Conversely, at the depth of 
an expiration, other receptors in the pul- 
monary wall may send excitatory impulses, 
also via the vagus, to the central nervous 
system. Severe pain in any region of the body 
may act reflexly through the respiratory cen- 
ter, and the breath begins to “‘come faster.”’ 
In swallowing, impulses from the pharyngeal 
receptors inhibit breathing for a moment— 
while food passes the glottis—and this pre- 
vents food from being sucked into the trachea 
and lungs. The gasp evoked by a plunge into 
icy water is also mediated through the res- 
piratory center, as is likewise true of the 
coughing and sneezing reflexes. And last but 
not least, there is an additional mechanism 
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for the contro] of respiration (and heart rate). 
This is provided by a special chemoreceptor, 
the carotid sinus, imbedded in the wall of 
each internal carotid artery near the pornt 
of origin. The cells of this receptor arc ex- 
cited by increases in either CO, or hydrogen 
ion in the blood that is flowing through 
the artery. The nerve impulses thus gener- 
ated are carried via the sensory branches of 


the vagus nerve (p. 467) to the respiratory 
and cardiac centers, increzsing the intensity 
and frequency of the motor discharges from 
these vital reflex centers. All in all, there- 
fore, the body has developed a number of 
checks and balances upon the breathing 
mechanism—for this mechanisni must be 
relied upon constantly from the instant ol 
birth to the time of death. 


TEST QUESTIONS 


1. Differentiate beuveen external and internal 
respiration. Why is it not possible to make 
such a distinction in very small organisms, 
like Hydra? 

What is a specialized respiratory surface, and 

what advantages are provided by such a sur- 

face? 

3. Differentiate between lungs and gills. Ex- 
plain why gills are poorly suited to terres- 
trial conditions. 

4. Explain the part played by the diaphragm 
and intercostal muscles in inspiration and ex- 
piration. How does a forced expiration differ 
from the expiration of ordinary breathing? 

5. What is alveolar air? Explain how and why 
it differs from the external air. 

6. Explain the term “partial pressure’ of oxy- 
gen. Specify the partial pressure of oxygen: 
(a) am. the outside: atmosphere at. sea, level: 
(bcm the alveolar air at sca level; (c) in the 
outside air at 14,000 ft elevation; and (d) in 
thesals colar air at 4.000 deect. 

7. What are the symptoms of “mountain silk- 
Hess 7 \Vhat is the -case-of this-conditione 

8. Compare the oxygen-carrying capacity of 
whole blood with that of (a) plasma and 


IO 


FURTHER 


1. Lessons from High Altitude, ly Joseph Bar- 
croft; Cambridge, Eng., 1925. 

Respiration, by J. S. Haldane; New Haven, 
P27. 
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(b) salt solution. How is this difference to be 

accounted for? 

Describe and explain the difference of color 

between (unaerated) and arterial 

(aerated) blood. 

10. ‘The binding and freeing of oxygen by hemo- 
globin is determined by the following equi- 
hbrium: 


H-Hb + O, = H-HboO, 


© 


venous 


Explain how and why this equilibrium is 
shifted: (a) while the blood flows through the 
capillaries of the lung; and (b) while the 
blood flows through the capillaries of the 
other parts of the body. 

11. Carefully explain how the mechiunisms of O, 
and CQO, transport are intimately interre- 
lived: 

12. Explain the mechanism of carbon monoxide 
asphyxia, specifying the best method of resus- 
citation. 

13. Describe two other types of asphyxia, citing 
an example of each type. 

If. Carefully explain how our breathing move- 
ments are modified by (a) chemical and (b) 
nervous factors. 


READINGS 


3. The Wisdom of the Body, by Walter B. Can- 
non; New York, 1939. 
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THE MAIN excretory organs of man and 
other vertebrates are the kidneys (Fig. 20-1). 
This pair of large bean-shaped organs 1s 
copiously supplied with blood, via the stout 
renal arteries. Night and day the kidneys 
work to rid the blood of metabolic wastes. 
Urea and other excretory wastes, which 
enter the blood in the different parts of the 
body, are eliminated as fast as they are 
formed; and normally these wastes never 
accumulate to toxic levels in the blood 
stream. Even with a single kidney, a man 
may get along quite safely; but if both kid- 
neys are lost, the individual will then suc- 
cumb to uremic poisoning within a very few 
hours. 

But the work of the kidneys involves much 
more than the elimination of metabolic 
wastes. The renal organs stabilize and regu- 
late the composition of the blood. ‘They keep 
the concentration of water, inorganic salts, 
glucose, and other essential blood compo- 
nents at proper levels with an amazing degree 
of constancy and efficiency. And since the 
lymph is derived directly from blood plasma, 
the kidneys also maintain homeostatic con- 
tro] over this intercellular fluid. In short, 
control of the internal environment of the 


body cells is assumed in large measure by the 
kidneys. Each day of man’s life more than 
1500 liters of blood are pumped through the 
rena] organs, and from this blood excesses of 
each component are removed and eliminated 
in the form of about 1.5 liters of urine. 


EXCRETORY PROCESSES IN LOWER 
ANIMALS 


Small and relatively simple animals, such 
as the Protozoa and the Coelenterata, elimi- 
nate their excretory wastes mainly by diffu- 
sion. As soon as any metabolic end product 
is produced in significant quantities in the 
cells it begins to diffuse from this locus of 
higher concentration out into the environ- 
ment, where the concentration is lower. 

Water, however, presents a special problem 
(p. 133). Water is always an end product of 
oxidative metabolism, and in fresh-water ani- 
mals, water cannot diffuse out into the hypo- 
tonic environment. Consequently small tresh- 
water animals possess contractile vacuoles, or 
other mechanisms capable of performing 
work in forcing water out into the hypo- 
tonic environment. 

The diffusional escape of excretory wastes 


369 


370 - Multicellular Animals, Especially Man 


INF. VENA CAVA 


AORTA 


Fig. 20-1. 


becomes less and less adequate as the mass 
of an animal increases. In flatworms, such as 
Planaria, the body encompasses a consider- 
able mass of mesodermal tissues, intervening 
between the ectoderm and endoderm. Such 
an increase in the mass of the body requires 
the development of specialized excretory 
organs, and planarians possess a large num- 
ber of flame cells (Fig. 20-2), scattered 
throughout the mesoderm. Each flame cell 1s 
a hollow structure with a tuft of active cilia 
in the central cavity; and the beating of these 
accounts for the “flickering” that can be seen 
in a flame cell when it is viewed with a micro- 
scope. The many flame cells on each side of 
the planarian are connected by a branching 
system of fine tubes to main excretory ducts. 
The excretory ducts run anteriorly on either 
side of the mid-line of the body, emptying 
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urinary system, posterior view. 


through a series of excretory pores, on the 
dorsal surface of the animal. 

Precisely how the flame cells function is 
not well understood. Apparently these cells 
extract water and other excretory wastes 
from the body fluid—which fills the tissue 
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Fig. 20-2. A flame cell. Such primitive excretory units 
are characteristic of flotworms. 


spaces of the mesoderm—and drive the re- 
sulting solution of wastes out of the body, 
via the excretory ducts. 

In Annelida, such as the earthworm, the 
mesodermal tissues are much more abundant 
and highly differentiated; also there is a well- 
developed blood system. The excretory or- 
gans of the earthworm and other Annelida 
are the nephridia, of which there are usually 
two in each segment of the body (Fig. 20-3). 
Each nephridium is a long, highly coiled 
tube, which leads from the body cavity of 
one segment to the external surface of the 
succeeding segment of the body. At the co- 
elolic end of the nephridium there is a cilated 
funnel-shaped opening, the nephrostome. 
The lumen of the nephridium—throughout 
most of its length—is also lined with cilia. 
Moreover, there is a network of capillaries 
(not shown in the figure) that comes into 
intimate contact with the glandular walls of 
the nephridium. 
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The functioning of the nephridial tubules 
has not been studied very adequately. How- 
ever, the nephridia tend to resemble the kid- 
ney tubules of higher animals (p. 372); and 
it may be supposed that they function in a 
somewhat similar fashion. The cilia main- 
tain a flow of the body fluid—from the 
coelomic cavity, through the tubule, toward 
the external opening. The coelomic fluid 
contains glucose and other useful substances, 
as well as metabolic wastes, and probably the 
glandular cells in the wall of the nephridium 
—like the cells in the wall of a kidney tubule 
—extract glucose, water, and other useful 
substances from the fluid while it passes to- 
ward the outside. In this way useful com- 
ponents of the body fluid are returned to the 
blood in the capillaries of the tubule; and 
waste products, due to a reabsorption of 
water, are more concentrated by the time the 
excretory fluid is voided at the suriace of the 
body. 
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STRUCTURE AND FUNCTIONS OF 
THE KIDNEY 


‘The work of the kidney ts to separate urine 
from the blood that flows through it; and by 
extracting excess wastes and other substances 
from the plasma and delivering these com- 
pounds into the urine, the kidney plays a 
major role in regulating the composition of 
the plasma and the lymph. 

Each kidney (Fig. 20-1) receives a major 
artery—the renal artery—directly from the 
dorsal aorta; and the kidneys are drained by 
large verns—the renal veins-—that pass to the 
postcaval vein. While it is being formed, 
urine collects in a small chamber—the pelvic 
chamber—situated along the medial border 
of the kidney (Fig. 20-1); and from the pelvic 
chamber the urine drains into the urinary 
bladder, via each of the two ureters. The 
urinary bladder cdistends its muscular walls 
to 1eceive the urine; but finally—when a 
critical pressure is reached—the urination 
reflex 1s generated. Then the bladder con- 
(racts—voiding the urine through the ure- 
thra, a single duct leading to the outside 
(Fig. 20-1). 

The Nephrons, or Functional Units of the 
Kidney. Vhe human kidney represents an 
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Structure of the humon kidney. Note particularly the blaod supply ot the nephron. About a million 


aggregation of about one million excretory 
tubules—called the nephrons (Fig. 20-4). 
Fach nephron is a highly coiled microscopic 
tubule that 1s responsible for forming a small 
part of the total quantity of urine produced 
by the kidney as a whole. Thus the function- 
ing of the whole kidney can be determined 
by studying the structure and activity of the 
single nephron. 

Whe rst spart oa skidney ‘tubule 13a 
double-walled capsule, that surrounds a com- 
pact cluster of blood capillaries (Fig. 20-4). 
This peculiar tuft of capillary coils is called 
a glomerulus; and the surrounding double- 
walled chamber is called Bowman’s capsule, 
hrst observed in 1842 by a young English 
anatomist, William Bowman. Both the outer 
and inner walls of Bowman's capsule consist 
of a single layer of flattened epithelial cells; 
and the inner wall adheres very intimately to 
the tufted glomerular capillaries. 

The cavity of Bowman’s capsule leads di- 
rectly into the long lumen ol! the nephron 
that eventually leads into a collecting tu- 
bule (Fig. 20-+). To reach a collecting tubule, 
however, fluid in Bowman’s capsule must 
flow consecutively through (1) the proximal 
convoluted tubule, (2) the hairpin-shaped 
loop of Henle, and (3) the distal convoluted 
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tubule. The walls of the kidney tubules are 
made up of a single layer of glandular epi- 
thelium; and the different parts of the neph- 
rons occupy characteristic positions in the 
kidney (Fig. 20-4). The collecting tubules 
serve merely to drain the urine from the 
nephrons proper into the pelvic chamber of 
the kidney. 

‘The blood supply of the nephron is very 
Important in determining kidney function. 
As may be seen in Figure 20-4, each glomer- 
ulus is supplied by an afferent vessel, which 
is a branch of the renal artery, and each 
glomerulus is drained by an efferent vessel. 
The efferent vessels, however, return to the 
renal vein by a very indirect route—through 
a network of capillaries that enmeshes all 
the tubular parts of the nephron. Thus a 
given sample of blood in passing from the 
renal artery to the renal vein must flow 
through two sets of capillaries: (1) the capil- 
lary coils of the glomerulus itself and (2) the 
capillary network that lies in intimate con- 
tact with the tubular parts of the nephron 
(Fig. 20-5). 

The Formation of Urine. Kidney function 
has been studied intensively for many years, 
and today, although some problems remain 
unsolved, the main issues have been defined 
quite clearly. 

The work of the kidney involves three 
processes: 

1. The glomerulus and capsule, working 
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together, subject each sample of blood to a 
process of pressure filtration. This process 
forms a fluid, the nephric filtrate, that passes 
into Bowman’s capsule while a given part of 
the blood flows through the glomerulus. 

2. The tubular parts of the nephron sal- 
vage very large quantities of water (which 
accounts, mainly, for a concentration of the 
waste products) and smaller quantities of 
glucose and other useful compounds—by re- 
absorbing these substances from the nephric 
filtrate while it passes through the tubules 
toward the pelvic chamber. This process of 
selective reahsorption demands that the 
gland cells in the tubule wall transfer the 
reabsorbed compounds back into the blood 
in the capillaries surrounding the tubule. 

3. The glandular walls of the nephric tu- 
bules secrete additional quantities of meta- 
bolic wastes into the nephric filtrate, extract- 
ing these wastes from the capillaries around 
the tubule and passing them into the lumen 
of the nephron. 

Reabsorption and secretion greatly change 
the composition of the nephric filtrate as 
this fluid drains through the nephron toward 
the collecting tubules. In fact, the fluid as it 
reaches the collecting tubule can no longer 
be called the filtrate—it is the urine. 

Filtration: Nature of the Nephric Filtrate. 
The glomerulus and Bowman’s capsule to- 
gether form a very effective force filter. In 
filtering the blood the glomerular and capsu- 


Fig. 20-5. A single nephron, with its blood 
supply. Arrows indicate direction of the flow 
of blood. A number of nephrons drain into 
each collecting tubule. Be sure to identify the 
proximal and distal convoluted tubules 
and the loop of Henle. The letter O at lower 
right indicates the opening of a collecting 
tubule into the pelvic chamber of the kidney 
(cf. Fig. 20-4). 


COLLECTING G) (PEERED 


374 - Multicellular Animals, Especially Man 


lar walls allow considerable quantities of 
water, glucose, urea, and all other of the 
crystallordal components of the plasma to 
escape [rom the blood into the capsule. How- 
ever, all the more complex components of 
the blood, particularly the plasma proteins 
and other colloids (and, of course, the cor- 
puscles), cannot pass through the glomerular 
walls, and do not appear in the filtrate. These 
colloids remain in the blood as it leaves the 
glomerulus via the elferent vessel. Each sam- 
ple of blood passes rapidly through a glomer- 
ulus; and while it is passing, It loses only a 
fraction (5 to 10 percent) of its volume. This 
fraction becomes the filtrate, which is side- 
tracked into the nephric tubule; but simul- 
taneously the main flow of blood continues 
through the glomerulus and efferent vessel, 
and finally through the capillaries surround- 
ing the other parts of the nephron (see Fig. 
225); 

Determining the composition of the neph- 
ric filtrate is a very difficult task. The kidney 
of a frog, for example, can be exposed; and 
a special microscope is then used to examine 
the glomeruli while the nephric filtrate pours 
into the capsules of the nephrons. A very 
delicate glass syringe is required to withdraw 
samples of the filtrate from the capsules; and 
new microchemical methods were devised to 
analyze the extremely small samples of filtrate 
obtained. In fact, the collection and analysis 
of nephric filtrate by A. N. Richards and 
co-workers at the University of Pennsylvania 
represented one of the most important 
achievements in physiology of the decade 
L210 930: 

Analysis of the capsular fluid (Table 20-1) 
revealed essentially that the nephric filtrate 
is a colloid-free filtrate of the blood plasma. 
The filtrate contains all the plasma crystal- 
loids, including water, glucose, amino acids, 
and salts, as well as purely waste substances, 
such as urea and uric acid. Moreover the 
concentration of these crystalloids vs the same 
in the filtrate as it is in the plasma (see Table 
20-1). But the colloids of the plasma, mainly 
the proteins and lipoids, are held back. 


Under normal conditions no colloids are 
present in the filtrate as it enters Bowman's 
capsule. 

The work of forcing filtrate from the blood 
into the capsule is done, not by the kidney, 
but by the heart. Blood pressure in the 
glomeruJus must be maintained at a level 
above 30 mm of mercury if any filtrate 1s to 
be formed; and other factors being equal, 
the quantity of filtrate and urine formed in 
a given time tends to parallel] the blood pres- 
Sure. 

The filtrate contains the same solutes as 
the plasma, except that the colloids of the 
plasma are Jacking in the filtrate—and con- 
sequently filtrate 1s hypotonic to the plasma. 
Normally the glomerular blood pressure 
amounts to about 70 mm of mercury. About 
30 mm of this pressure 1s expended in over- 
coming back-pressure—due to the hypoto- 
nicity of the filtrate—and only 40 mm is the 
effective pressure, which drives more filtrate 
into the nephric capsule. If the blood pres- 
sure in the glomeruli rises or falls, the effec- 
tive filtration pressure follows, and the quan- 
tity of filtrate varies accordingly. 

Reabsorption. Normal urine (Table 20-]) 
contains virtually no glucose or amino acids, 
because the convoluted tubules extract these 
useful compounds from the filtrate and re- 
turn them to the blood that flows through 
surrounding capillaries. 


TABLE 20-1—The Nephric Filtrate As 
Compared to the Plasma and Urine 


Main Components | Grams per 100 cc of Fluid 


Ne phric 
Plasma | Filtrate| Urine 

Wie Gace ete cee 0.03 0.03 2.0 
itera cle iene ee 0.004 | 0.004 0.05 
GHUCOSe fea 0.10 0.10 ‘Trace 
AMINO acids. a. 0.05 0.05 Trace 
Total inorganic 

Sissy sees O72 Ooh 1.50 
Proteins and other 

COOLS] Akos 8.00 0.000 0.00 


Often the reabsorption of useful substances 
is not complete, however, since always it is 
a selective process. During hyperglycemia, 
for example, the excess of glucose is left in 
the filtrate and appears in the urine. In other 
words, the tubule tends to stop reabsorbing 
a substance when a proper amount has been 
put back into circulation. Thus many sub- 
stances do not appear in the urine unless 
their concentration in the blood exceeds a 
certain threshold value. Such so-called 
threshold substances include many of the 
inorganic salts, which thus are retained in 
proper amounts in the blood stream. In fact, 
the selective nature of the reabsorptive proc- 
esses in large measure accounts for the ability 
of the renal organs to maintain a beautifully 
regulated homeostatic control of the body 
fluids. 

In salvaging glucose, amino acids, and other 
substances from the filtrate, the tubules must 
expend energy. Initially the concentration of 
glucose, for example, is equal in the filtrate 
and in the blood. Consequently there is no 
tendency for glucose to be reabsorbed spon- 
taneously, except to a small extent, by virtue 
of the fact that glucose in the filtrate may 
become more concentrated as the reabsorp- 
tion of water proceeds (see below). The kid- 
ney cells derive the energy for this work from 
their oxidative metabolism; and if a kidney 
is deprived of oxygen (for example, by treat- 
ment with cyanide), reabsorption quickly 
ceases. Such a kidney still forms urine, but 
the urine is extremely copious and dilute, 
possessing practically the same composition 
as the filtrate. 

Reabsorptian of Water. The salvaging of 
water from the nephric filtrate is a major 
kidney function. In fact, the human kidney 
produces about 100 liters of filtrate while it 
is forming just one liter of urine. In other 
words, the kidney usually reabsorbs about 99 
liters of water in the process of forming one 
liter of urine; and if the kidneys lose their 
capacity to reabsorb water, they put forth 
very large volumes of highly dilute urine 


(p. 412). 
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In order to calculate the filtrate/urine vol- 
ume ratio and thus to determine the true ex- 
tent of water reabsorption by the kidney, it 
was necessary to find a substance capable of 
meeting four precise specifications: (1) The 
substance must be nontoxic when measurable 
amounts are injected into the blood stream. 
(2) It must be completely impervious to any 
reabsorption by the tubules. (3) It must be 
altogether nonsusceptible to secretional ac- 
tivity (see below) in the tubules. (4) It must 
be freely filtered into Bowman’s capsule. 
Such a substance was finally found in the 
form of inulin, a relatively short-chain poly- 
saccharide compound; and the studies of 
Homer W. Smith and co-workers at New 
York University, dealing with the excretion 
of inulin, contributed greatly to the progress 
of renal physiology during the second quar- 
ter of the present century. The heavy reab- 
sorption of water accounts mainly for the 
high concentrations of urea and other wastes 
that are found in the urine. In fact, any 
solute originally present in the filtrate be- 
comes highly concentrated in the urine, un- 
less this solute is reabsorbed while water is 
being reabsorbed. In the human urine, urea 
usually reaches a concentration about 60 
times greater than in the blood plasma, and 
were it not for the fact that small quantities 
of urea are reabsorbed along with the larger 
quantities of water, this difference of con- 
centration would be even greater. 

‘The quantity of water reabsorbed by the 
human kidney varies quite widely, depend- 
ing on the needs of the body. When large 
quantities of water are drunk, and while the 
blood tends to be diluted, the reabsorption 
of water remains at a minimum and a large 
volume of dilute urine is formed by the kid- 
ney. But if the water intake is restricted, re- 
absorption reaches a maximum, so that the 
kidney conserves a maximum of water for 
the body. 

The water-reabsorbing capacity of the kid- 
ney is a good measure of an animal’s capacity 
to conserve water. In aquatic and semiaquatic 
vertebrates, especially fresh-water fish and 
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Amphibia, water absorption is not conspicu- 
ous, and such animals form large quantities 
of hypotonic urme. But in terrestrial verte- 
brates, the average quantity of urine is much 
reduced, and in manimials the urine often is 
distinctly hypertonic compared to plasma. In 
producing such a hypertonic urine the kid- 
ney performs definite work, which requires 
that the tubules must be supplied with ade- 
quate oxygen. When deprived of oxygen, the 
kidney loses its capacity to reabsorb water 
and produces a very large volume of highly 
dilute urine, regardless of the needs of the 
bocly. 

Secretion. Certain drugs, dyestuffs, and 
perhaps some natural wastes seem to be trans- 
mitted from the blood in the capillaries sur- 
rounding the nephric tubule into the nephric 
fluid. Therelore, the total quantity of such 
substances in the urine represents the sum 
of two quantities: (1) the portion that filters 
into Bowman's capsule, and (2) the portion 
that is secreted into the tubule by the glan- 
dular walls. In the case of phenol red—the 
dyearsed by Fok. Narshall. jr-.in. 192 f..shen 
he and co-workers at Johns Hopkins Uni- 
versity first demonstrated secretional activity 
in the kictney—the concentration of the dye 
in the urine was more than 200 times greater 
than mm the blood; and this degree of con- 
centration cannot be accounted for by water 
reabsorption alone. 

Secretional activity, however, probably 
plays a relatively minor role in the function- 
ing of anormal human kidney. The evidence 
shows that a large proportion of the water 
that is filtered into Bowman's capsule is re- 
absorbed betore the filtrate reaches the col- 
lecting tubule, and this mamly accounts for 
the high concentration of wastes in human 
WING; 

However, the nephrons of certain fish do 
not possess glomeruh, anc in such aglomer- 
ular kidneys secretional activity assumes a 
very important part in the formation of the 
urine. 

Renal Impairments. Ordinary kidney dis- 
sease, or nephritis, involves primarily the 


glomeruli. The diseased glomeruli become 
more freely permeable than normally, and in 
severe cases the glomeruli show signs of dis- 
integration. Normally the filtrate and urine 
are free of proteins; but in nephritis, first 
the plasma albumins, and then the more com- 
plex globulins, appear in the ur1ne—depend- 
ing on the serevity of the case. In the severest 
cases, even intact erythrocytes are found in 
the urine. Owing to a continued loss of pro- 
teins, the capacity of the plasma to reabsorb 
fluid from the tissue spaces becomes im- 
paired, and consequently edema develops 
(p. 335). In the terminal stages of nephritis 
the glomeruli cease to conduct blood and the 
filtration volume drops drastically. Then 
both water and excretory wastes accumulate 
in the body, and death from uremic poison- 
ing becomes inevitable in about 24 hours, 
unless curative Measures can be taken. 

In diabetes insipidus, the patient's danly 
output of urine is 30 to 40 liters, instead of 
the normal average of about 1.5 liters. This 
condition represents a grave impairment of 
the water-reabsorbing capacity of the tubules. 
The primary cause of diabetes insipidus is 
not localized in the kidney, however. The 
disease represents a failure of the pituitary 
gland to produce the antidiuretic hormone, 
vasopressin (p. 412). Normally this hormone 
stimulates and controls the water-reabsorbing 
activities of the tubules. 

Chronic hypertension, or high blood pres- 
sure, Is very frequently associated with neph- 
ritic impairments. The high pressure pro- 
duces a very high filtration volume and in- 
jures the glomeruli. The kidney is not neces- 
sarily a passive factor in hypertensive cases. 
Recent work indicates that a normal func- 
tion of the kidney is to produce one or more 
vasodilator substances, which tend to coun- 
teract high blood pressure. A kidney with 
restricted circulation seems to produce also 
a vasoconstrictor substance—called renin— 
which may aggravate the hypertension. 

Evolution of the Vertebrate Kidney. The 
earliest chordate animals (p. 664) appear to 
have arisen in the dilutely brackish waters 





of river estuaries, although the ancestral 
stock originated in salt water. An early prob- 
Jem in chordate development was, accord- 
ingly, an adequate elimination of water 
since water kept seeping into the salt-rich 
body fluids from the surrounding hypotonic 
medium. In these early chordates the glom- 
erulus appears to have arisen as a water- 
eliminating device. At first, however, the 
filtrate was passed into the coelomic fluid, 
which was drained off by the nephric tubules. 
But later the glomerulus became surrounded 
by the end of the tubule, forming Bowman's 
capsule, and this arrangement became very 
well developed in the truly fresh-water fishes 
and in the amphibians. 

Some of the evolving fishes returned to 
the sea, however, and now the problem was 
to hold water in the body fluids. Among such 
marine fishes two lines of evolution came into 
being. One group, which led to the modern 
sharks and other cartilaginous fish, returned 
to the ocean very early in Silurian (p. 563) 
times. This group developed a system of 
maintaining a high osmotic pressure in the 
blood and lymph by virtue of a very heavy 
reabsorption of urea. Accordingly, the plasma 
of these fish today contains a truly astonish- 
ing quantity of this nitrogenous waste—up 
to some 25 grams per Iter. The other group, 
which led to the bony fishes of contemporary 
times, did not go back to the sea until the 
end of the Mesozoic era (p. 565), and this 
group adopted another procedure. ‘They de- 
veloped a means of eliminating excess salts 
from the blood through an active transport, 
or secretory, mechanism localized in the 
membranes of the gills. The glomerulus of 
these marine fish also came to be reduced or 
even absent, as in the modern goose-fish and 
allied forms. 

Land vertebrates, particularly reptiles and 
birds, likewise faced a problem of water con- 
servation, Owing to evaporative losses sul- 
fered by exposure to the atmosphere. In these 
groups, however, a biochemical adjustment 
occurred. Instead of forming urea as an end 
product of the catabolism of proteins and 
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other nitrogenous compounds, the reptiles 
and birds produce uric acid. This compound, 
which is only sparingly soluble in aqueous 
media, precipitates out in the cloacal cavity 
of the animals and does not require much 
water for its elimination, in the form of 
guano. Likewise, the glomeruli of reptiles 
and birds are considerably reduced. 

Mammals arrived rather late upon the 
evolutionary scene. Accordingly, the expedi- 
ent evolved for the mammalian kidney is 
different. Mainly the mammalian kidney has 
resorted to an acceleration of its water-reab- 
sorbing mechanisms. To this end a special 
hormone, the antidiuretic hormone, vaso- 
pressin, has developed (p. 412). When a di- 
lution of the blood results from drinking 
excess water, a more copious secretion of this 
posterior pituitary hormone is_ triggered; 
the converse occurs when insufficient water 
is imbibed and absorbed into the blood. The 
dehydrating effects of high alcoho] consump- 
tion appear to be related to the fact that 
ethyl alcohol tends to suppress the produc- 
tion or liberation of the antidiuretic hor- 
mone. 


SUMMARY 


The function of the kidney is to maintain 
a normal blood composition by removing 
excesses of the various blood components 
and passing these substances into the urine. 
The kidneys differ from the lungs in that 
not all the blood of the body passes through 
the renal vessels during each circuit. How- 
ever, the renal blood flow is very copious. In- 
deed it may be calculated that all the body 
fluid, including the volume of both lymph 
and blood, is subjected to filtration and re- 
absorption some 15 times in the course of 
every day. 

The important units of renal function are 
the nephrons, of which there are about a 
million in each kidney. The nephrons form 
the urine mainly by two processes—filtration 
and reabsorption. Each hour an average olf 
about 6000 cc of colloid-free filtrate is forced 


378 - Multicellular Animals, Especially Man 


into the capsular parts of the nephrons from 
the glomeruli, but only about 60 ce of this 
fliiad reaches the collecting tubules as urine. 
Meanwhile the volume is reduced, mainly by 
the reabsorption of water, but partly by the 
reabsorption of glucose. amino acids, and 
various inorganic salts. In many cases reab- 
sorption acts ui Opposition to the normal 
processes of osmosis, and in perlorming this 
definite work, the tubules expend energy and 
utilize oxygen. Precisely how the cells of a 
tubule wre able to force substances to move 
against a concentration gradient is still an 
unsolved problem. A considerable amount 
of water is reabsorbed by the distal tubules, 
Which are subject to control by the pituitary 
hormone, vasopressin. The distal tubules 
likewise are dominant in the reabsorption of 
sitles, and mi regulating the hydrogen ion 
concentration of the plisma and urine. In 
contrast, glucose is reclaimed mainly in the 
proximal tubules, buc the other functronal 
dilferentratrons of the various parts of the 
nephron are not entirely clear. 

The urme is a remnant of the nephric 
filtrate, which retains most of the metabolic 


wastes as well as excesses of the other plasma 
components, such as inorganic salts and glu- 
cose. To a small extent, the initial quantity 
of certain wastes in the filtrate may be aug- 
mented by further quantities derived from 
the capillaries surrounding the tubule walls, 
but this secretional activity does not appear 
to be very important in the human kidney. 

The kidney also has an important influ- 
ence on the acid-base balance of the blood 
and other body tluids. By excreting extra 
quantities of acidic or basic compounds, the 
kidney can shift the equilibrium in either an 
alkaline or acid direction—although the mag- 
nitude of these changes in hydrogen ion con- 
centration is very small, by virtue of the 
excellent buffering capacity of the body fluids. 
Moreover, the kidney exerts a further elfect 
on the acid-base balance of the body through 
the medium of ammonia (NH3), since this 
alkaline compound is liberated when the 
kidney paracipates in the deamination of 
amino ucids (p. 342). Allin all it may be said 
that the renal organs serve to mata 2 
high degree of constancy in the internal en- 
vironment of the body cells. 


TEST QUESTIONS 


I. Specily the major metabolic wastes of man. 
What organs cooperate with the kidneys in 
eliminating these products? Explain. 

2. Make a labcled diagram to show the human 
kidneys, the renal blood vessels, and the con- 
nections of the kidneys with the other parts 
of the excretory tract. 

3. Make a labeled diagram to show all parts of 
a nephric tubule and the relations of the 
tubule to the capillary circulation, 

to Vilat es. the nephine iltrate 2. How as: it 
formed? 

5. Carefully explain why the nephric filtrate is 
called (a) a forced filtrate; (b) a colloid fil- 
trate. 

6. To what extent Is ghicose present (a) mn the 
filtrate and (b) in the urine? Carefully ex- 
plain this difference. 

i Moewhat exten 15 -srea present -(2). im: die 
nephric hltrate and (b) i the urine? Care- 
lully explain this difference. 


8. Why is reabsorption described as a selective 
process? Explain carefully, using (a) glucose, 
and (b) water to exemplify the ciscussion, 


© 


In achieving reabsorption, the tubule cclls 

perform work. Carelully explain the state- 

ment in terms ot: (a) the reabsorption of 
ghicose; (b) the reabsorption of water. 

10. Assuming that the kidneys of a normal mdi 
vidual produce 100 cc of unne per hour, 
approximutely what would be: (a) dhe hourly 
filtration volume; (b) the quantity of elacose 
réubsorbed each hatiry (cy) the quantity ol 
urea presene in an hourly sample of the 
urinc? 

}}. Trace a given molecule of water through the 
kidney, assuming: 

a. does notcenter whe filtrate 

b. it enters the filtrate and is reabsorbed 

& i enters the filtrate and as not reab- 
sorbed 

12. After the tnjection of a certain dye into the 


blood stream of a dog, the concentration of 
the dye in the urine is found to be 125 times 
greater than in the filtrate. How might this 
observation be explained, knowing that the 
filtrate/urine ratio of the dog is 100/1? 
Explain why the plasma/urine concentra- 
tion ratio for mulin may be 100/] while 
simultaneously the ratio for urea may be 
60/1. 


14. Carefully explain each of the following con- 


chs 


FURTHER 


The Physiology of the Kidney, by Homer 
Smith; New York, 1937. 
The Living Body, by C. H. Best and N. B. 
Taylor; New York, 1958. 
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ditions in terms of kidney structure and func- 
tion: (a) albumin in the urine; (b) red cor- 
puscles in the urine; (c) glucose in the urine; 
(d) an extremely copious dilute urine; (e) 
virtually no urtne. 


15. Bricfly explain how the kidney may partici- 
pate in controlling the acid-base balance of 
the body. 

16. Briefly explain some of the evolutionary his- 
tory of the vertebrate kidney. 

READINGS 
3. “The Kidney,” by Homer W. Smith; in Sev- 


entific American, January 1953. 
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EACH KIND of animal and plant must re- 
produce rapidly enough to compensate for 
the death rate of its population: failing this, 
extinction is inevitable. Accordingly, the trail 
of evolution is strewn with thousands of 
extinct species, known today only by the fos- 
silized remnants of their former being. 

With few exceptions, multicellular animals 
reproduce sexually, although quite a few can 
also multiply asexually. Primary attention 
will be given to the sexual methods, with 
only a brief discussion of the asexual proc- 
esses. 


REPRODUCTIVE ORGANS 


Most multicellular animals possess well- 
developed gonads. These essential reproduc- 
tive organs produce the gamete cells, which 
are destined to convey part of the protoplasm 
of each parent to the zygote and other cells 
of the next gencration. 

Typically the testes, or sperm-producing 
gonads, are distinct from the ovaries, which 
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produce the eggs. However, in rare cases (for 
example, certain mollusks), eggs and sperm 
are generated within the same gonad, al- 
though not usually at the same time. 

One very simple type of gonacl is possessed 
by Hydra (Fig. 21-1). During the sexual period 
this primitive animal develops both testes 
andl ovaries, which, however, are merely tem- 
porary organs. The gonads first appear as 
small swellings at the surface of the body, 
the testes near the upper end, and the ovaries 
nearer the foot. Each gonad represents a 
local accumulation of germ cells (p. $76), cov- 
erect externally by an ectodermal epithelium. 
In the testes (Pig. 21-1) the germ cells-divide 
repeatedly, forming a large number of very 
small flagellated sperm. Eventually these 
sperm escape into the surrounding water 
when the epithelial wall of the cipe testes 
begins to disintegrate. 

In-the-ovary (fig. 21-1) the gerni-cells-also 
divide several times, but in this case the re- 
sulting cells are actively amoeboid and begin 
devouring each other in cannibalistic fashion. 
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sexes are Clearly separate, greatly predomt- 


a4 
\e Oe nate. Also a vast majority of animals possess 
WY iy truly permanent gonads of greater or lesser 
ANS Hey complexity. 
AY Hy In addition to the gonads most animals 
ANS py possess various accessory reproductive struc- 
nN & Pes ey tures. Usually there are two or more sperm 
AS & & Ma ducts, through which the sperm are con- 
Ras oN fig ducted from the testes, and oviducts, which 
SON NN ae Gy convey the eggs from the ovaries. Also one 
i LD may find a variety of glands and other spe- 
— SH cial structures, closely associated with either 
Sy sk or both of the gonoducts. 
A ees 
== Ci TESTIS 
> CS EXTERNAL VS. INTERNAL FERTILIZATION 
== fr As a general rule aquatic animals merely 
—— SH liberate the gametes into the surrounding 
Ao SH water and the coming together of the sperm 
fa; SH and eggs is more or less a matter of chance. 
OvaRY— ee TH However, in many cases the males are at- 
Kes Scat tracted to the vicinity of where the females 
Seep SH are discharging the eggs and are excited to 
ey <i discharge the sperm simultaneously. Usually 
DAL such externally fertilized eggs receive little 
Perici acs or no parental care during development, but 
Fig. 21-1. Sexually mature Hydra, shawing the tem- in some cases (Fig. 21-2) either or both par- 


ents may stand guard over the eggs. In some 
cases also the fertilized eggs become ce- 
mented to the body of one of the parents, 
which carries and protects the embryos dur- 
ing development. 

Some essentially nonaquatic animals—such 
as many amphibians and insects—return to 
the water to lay their eggs, which may be 
fertilized either before or after discharge. 
Most terrestrial forms, however, ejaculate the 
sperm clirectly into the reproductive tract of 
the female, and thus fertilization occurs 77- 
ternally. Typically this process involves copu- 
lation between the sexes, and frequently the 
male is equipped with a penis, or some other 
type of intromittent organ. The ejaculate, 
or semen, includes not only the sperm, but 
also a greater or lesser amount of aqueous 
fluid secreted by the sperm ducts and asso- 
ciated glands. This fluid provides a suitable 
medium for the sperm to swim in, and also 


parary ganads. 


Finally only one hugely swollen cell remains, 
and this is the egg. Fertilization occurs after 
the epithelial wall of the ovary has disinte- 
grated and one of the free-swimming sperm 
chances to make contact with an exposed 
egg. Cross-fertilization is assured by the fact 
that the eggs and sperm of any one indi- 
vidual do not reach maturity simultaneously. 
Temporarily, while the egg is cleaving to 
form the blastula, the embryo remains at- 
tached to the bocly of the parent; but at 
about the time of gastrulation, the offspring 
develops cilia and swims away as an inde- 
pendent larva. 

The monoecious (hermaphroditic) condi- 
tion, in which both testes and ovaries are pos- 
sessed by one individual, is not uncommon, 
especially among invertebrate animals; but 
on the whole, dioecious species, in which the 
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1669 sockninao sean ttt? * ale 


the 
sperm until they make contact with the eggs. 
In most cases u single copulation serves to 


contains nutrient substances to sustain 


fertilize only such eggs as happen to be ma- 
ture at that me. However, the lemale repro- 
s (for example, 
many birds and insects) display one or more 
blind outpocketings, the seminal receptacles, 
in which the sperm collect and remain active 
for considerable 


ductive tracts ol some animals 


periods alter copulation. 
Thus the-queen bee receives just a single 
visitation of the drone, and vet continues to 
deposit fertilized eggs for che rest of her re- 
productive lile. 
lay fertile eggs for a number of months after 
OnE contict with 2 rooster: 


Also the domestic hen may 


In some hermaphroditic animals, the cop- 
ulating partners mutually tseminate 
For example, when earthworms 
copulate” (Fig. 21-3), bor 


may 
each other. 
mdividuals ex- 
trude semen from the sperm duct openings 
(segment 15). Im each case the semen of ote 
worm Js guided tmto the other’s seminal re- 
ceptacles, two pul ol blind pockets that 
extend mward from the ventral body wall in 
the ninth and tenth segments. Thus the net 
result of copulation is that the seminal re- 
ceptacles ol each worm become filled with 
the semen of the other, and actual fertiliza- 
tion of the eggs does not occur until alter the 
partners have separated. Then each worm 





i 
! 

die Fig 21-2. Male brook stickle- 
Pe, ; 

retin 8 back, guarding nest. (Courtesy 

-~.* i. , Ee . 

ye - the New York Conservation 

a. §- Pag) Shin. ie: Department.) 


secretes a broad beltlike cocoon around 

clitellum, and starts wriggling backward to 
escupe Irom the encircling girdle. The eggs 
of the worm are extruded into the cocoon 


when this girdle has been displaced forward 


AY ~~ 


ee, 





Fig. 21-3. Earthworms, copulating. Gen- 


eral Biological Supply House, Inc.) 


(Copyright, 


as far as the oviduct openings in the four- 
teenth segment; and the sperm (of the other 
worm) from the receptacles pass into the 
cocoon as soon as it reaches the ninth and 
tenth segments. Finally, the worm wriggles 
entirely free of the cocoon, shpping it off 
over its tapered “head.” Then the cocoon, 
which now contains fertilized eggs, seals it- 
self by drying and twisting at the ends. 


THE MALE REPRODUCTIVE TRACT OF 
MAN 


In man and other vertebrates the repro- 
ductive tract, especially in the male, develops 
in close association with the excretory system. 
Therefore the two systems together may be 
called the urogenital system. This association 
is mainly anatomical, however. Functionally 
the two sets of organs are quite separate, ex- 
cept that some of the ducts serve to transmit 
both genital anc excretory products. 

In vertebrates generally, the testes origin- 
ate in the coelom just ventral to the em- 
bryonic kidneys, and in lower vertebrates, 
such as the frog, the adult gonads remain in 
this position (Fig. 21-4). But in man and 
many other mammals the testes descend 
shortly before or after birth, taking up a 


Fig. 21-4. Diagrams of reproductive 
organs af male (4) and female (9) 
frag. Dotted lines show the connections 
of the spermiducts with the ureter, 
within the kidney. 
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permanent position in the scrotum (Fig. 21-95). 
The scrotum, essentially, is an outpocketung 
of the body wall, which encloses a small por- 
tion of the original coelom. However, the 
inguinal canal, which initially is a_ free 
channel connecting the scrotal and abdomi- 
nal cavities, becomes blocked off by connec- 
tive tissues. Thus in adults the scrotal andl 
abdominal cavities are separate, except in 
cases of inguinal hernia. When herniation 
occurs, the original channel reopens anc in 
severe cases a loop of the intestine may be 
extruded into the scrotal sac. Rarely one or 
both testes may fail to descend into the scro- 
tum, resulting in unilateral or bilateral 
cryptorchy. Moreover, such undescended tes- 
tes fail to produce any functional sperm (p. 
100). 

Primarily the testis ts a mass ol highly 
coiled tubules, the seminiferous tubules (Fig. 
21-6). These generate the sperm by a mutlti- 
plication of the germinal epithelial cells hn- 
ing the walls (Fig. 21-7). Secondarily, how- 
ever, the testis is an endocrine gland. Packed 
into the spaces between the tubules there is 
a considerable mass of interstitial cells (Fig. 
21-7). This interstitial tissue produces the 
male sex hormone, testosterone, which is con- 
cerned with the development of the second- 
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ary sexual characteristics of the male (p. 
309), 

In the frog and most other lower verte- 
brates, the sperm pass through the kidney 
before they reach the main gonoduct (Fig. 
?}-4). A number of fine ducts, the vasa effer- 
entia, Jead from the testis to some of the 
nephric tubules in the kidney, and these 
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Fig. 21-6. Human testis. Relations of 
the epididymis ta the seminiferous tu- 
bules and vas deferens. (From Haggard, 
The Science of Health and Disease. Per- 
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nephric tubules drain into the urogenital 
canal. Moreover, the urogenital canal does 
not lead to the exterior, but drains into the 
cloaca. This terminal portion of the digestive 
tract transmits the sperm, through the ex- 
ternal opening to the environment. 

In man the sperm tract 1s very complex. 
There are a number of vasa efferentia, which 
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tubule of the human testis (semidiagrammotic). 


carry the sperm into the epididymis (Fig. 
21-6), a part of the gemital tract that is de- 
rived from an embryonic kidney. The epi- 
didymis im man has the appearance of a 
compact mass that half encircles the testis 
(Fig. 21-5), but actually the epididymis is a 
very long (about 20 feet), much-coiled tube 
that leads finally into the vas deferens, or 
sperm duct proper. The vas deferens is a 
relatively simple tube, with a thick muscular 
wall, that leaves the scrotum and passes into 
the abdominal cavity, through the inguinal 
canal. In the abdominal cavity, the vas 
deferens ends by joining the urethra, a short 
stout tube that originates from the urinary 
bladder. Thus the urethra fulfills a double 
duty, in that it conveys both urine and semen 
to the extremity of the penis (Fig. 21-5). 

In addition to the sperm tract proper, the 
male reproductive system includes three pairs 
of glands. A large seminal vesicle drains into 
the vas cleferens on each side, near the point 
where the sperm cluct joins the urethra (Fig. 
21-5), and the prostate glands empty into the 
urethra. In many mammals, the prostate is 
plainly a double gland; but in man it ap- 
pears as a single mass encompassing the root 
of the urethra (Fig. 21-5). The prostate secre- 
tion enters the urethra by two sets of fine 
ducts that come in from either side of the 
mass. And finally there are Cowper’s glands, 
a pair of glands that empty into the urethra 
more distally (these small glands are not 
shown in Figure 2]-5). 

The composition of the semen is very com- 
plex. In addition to the sperm, semen con- 


tains numerous glandular secretions, but the 
precise origin of these secetions is somewhat 
obscure. Probably some components of the 
semen are derived from the epithelium of 
the epididymis, and until the sperm have 
passed through the epididymis they never 
become motile. In fact the sperm do not gain 
full motility until they make contact with the 
secretions of the seminal vesicles; and the 
sperm tend to be swept through the vas 
deferens by peristaltic waves occurring in the 
wall of this muscular duct. The sperm tend 
to accumulate in the ampulla, a swollen part 
of the vas deferens, near the point where it 
receives the secretions of the seminal vesicle. 
The vesicular secretion provides an ideal 
medium for exciting and sustaining the swim- 
ming activity of the sperm. This fluid is well 
buffered with inorganic salts, and contains 
an unusually high concentration of fructose, 
which the sperm utilize in their metabolism. 
However, the metabolism of the sperm ap- 
pears to be largely anaerobic. Sperm decom- 
pose the sugar only as far as lactic acid and 
thus they utilize only a small fraction of the 
potentially available energy. 

The secretions of the prostate and Cow- 
per’s glands are less clearly understood. 
During sexual excitement these fluids appear 
to precede the sperm through the urethra, 
and possibly the secretions are purely lubri- 
catory in function. 

As it traverses the penis, the urethra is 
flanked on all sides by erectile tissue, dis- 
posed in stout columns, called the corpora 
cavernosa (Fig. 21-5). This spongy tissue is 
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permeated with blood sinuses, and ordinarily, 
when the sinuses are not distended with 
blood, the tissue is flaccid. But one of the 
reflexes in the pattern of sexual excitation 
leads to a constriction of the vessels that 
drain the sinuses. At this time, therefore, the 
erectile tissue becomes turgid and distended 
with blood; and temporarily the penis be- 
comes an effective intromittent organ. When 
ejaculation occurs, the urethra is swept by a 
short but powerful series of peristaltic con- 
tractions. 


THE FEMALE REPRODUCTIVE ORGANS 


The ovaries, in vertebrate animals, are not 
connected directly with the oviducts. In the 
iros, for example, each laree ovary, or epe 
mass, lies in the body cavity, ventral to the 
corresponding kidney (Fig. 21-4). The ostium, 
or dilated mouth of the oviduct, opens di- 
rectly into the body cavity in a region some- 
what anterior to the ovary (Fig. 21-4). To be 
liberated, therefore, the eggs must break 
through the wall of the ovary and pass 
through the body cavity to the ostium. This 
rupturing of the ovarian wall is referred to 
as ovulation, and after ovulauion the eggs 
are carried to the mouth of the oviduct by 


the activity of the ciliated epithelium that 
lines the peritoneal cavity. 

The eggs of the frog do not possess any 
external coating of “jelly” before they enter 
the ovicuct; but while an egg is passing 
through the oviduct it receives its “jelly coat” 
from gland cells lining the wall. Like the 
sperm duct, the oviduct of the frog leads to 
the cloaca rather than to the extenor, anc 
the eggs are finally voided through the cloacal 
opening. Just before joining the cloaca, the 
oviduct shows a slightly expanded section, 
called the “uterus” (Fig. 21-4). However, no 
development occurs while the eggs remain in 
this part of the oviduct, and consequently 
the term uterus is not a very apt one. 

True copulation does not occur in the 
frog, but an analogous reaction, called am- 
plexus (Fig. 21-8), takes place about 24 hours 
before the female starts to shed the eggs. 
Amplexus continues until all the eggs have 
been extruded into the water; and simul- 
taneously the male continues to liberate a 
stream of sperm while the eggs are issuing 
forth. 

The Human Ovary and Its Functions. In 
the human female, as in other vertebrates, 
the ovaries have no direct connection with 
the oviducts, or Fallopian tubes. The human 





Amplexus, in toads. (Courtesy of Roberts Rugh, Columbia University.) 
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ovary—in size and shape—resembles a shelled 
almond (Fig. 21-9), although in older indi- 
viduals the ovarian surface is roughened and 
pocketed with numerous scars. These scars re- 
sult from a repeated rupturing of the ovarian 
wall during successive ovulations. 

The human ovaries usually produce only 
one egg during each 28-day cycle of activity. 
The egg cell arises from the germinal epi- 
thelium of the ovary (Fig. 21-10). This epi- 
thelium proliferates periodically, forming a 
group of cells that is pushed inward from 
the surface of the ovary and finally pinched 
off as a separate mass (Fig. 21-10). This mass 
represents an incipient Graafian follicle, 
which soon becomes organized into a vesicle, 
enclosing the maturing egg (Fig. 21-10). The 
Graafian follicle continues to enlarge until 
it protrudes slightly from the surface of the 
ovary. Then, finally, when the egg is ripe, the 
follicle ruptures, discharging an egg near 
the mouth of the Fallopian tube. This proc- 
ess of ovulation occurs periodically in the 
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human female, usually at a fixed time in 
relation to the menstrual cycle (p. 401). 

The ovary has also developed two impor- 
tant endocrine functions, which are associ- 
ated mainly with the Graafian follicles. As 
each follicle ripens, it becomes filled with a 
follicular fluid, which contains the “female 
sex hormone,” estrogen (p. 400). Estrogen has 
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a profound effect upon bodily development, 
especially in regard to the secondary sexual 
characteristics of the female (p. 400). Before 
the time of puberty, none of the follicles de- 
velops, and the features peculiar to woman- 
hood are not very clearly differentiated. 

The other endocrine function of the ovary 
is likewise associated with the Graafian fol- 
licles. Subsequent to ovulation, each follicle 
undergoes a considerable change of structure. 
The cavity of the follicle first becomes filled 
with a small clot of blood, the blutpunkt, 
but the blood is soon replaced by a mass of 
yellow tissue, derived from the inner lining 
of the follicle. This yellow body is the corpus 
luteum, an endocrine gland that proctuces 
progesterone, the so-called pregnancy hor- 
mone (p, 401). 

The Oviducts, Uterus, and Vagina. The 
anatomical features of the other parts of the 
female reproductive tract are shown in Fig- 
ure 21-9. The uterus is a pear-shaped thick- 
walled muscular chamber, lined internally 
with a richly vascular mucous membrane. On 
each side of the upper margin, the uterus 
receives a Fallopian tube, and below and 
centrally the uterus communicates with the 
vagina. The cervix, or lower tapered portion 
of the uterus, protrudes somewhat into the 
vaginal canal, which, like the uterus, has a 
muscular wall lined internally by a_ well- 
defined mucosa. Except in pregnancy, the 
uterus is scarcely larger than a closed fist, 
but during pregnancy the uterus enlarges to 
accommodate the growing fetus. 

Fertilization; Implantation of the Embryo. 
Shortly alter ovulation, the egg finds its way 
into the ostium of the Fallopian tube, which 
bears a fringe of ciliated outgrowths, sur- 
rounding the mouth of the oviduct (Fig. 
21-9). Meanwhile, if copulation has occurred 
recently, sperm wt] probably have succeeded 
in leaving the vagina, traversing the uterine 
cavity, and reaching the Jumen of the Fal- 
lopian tube. ‘Unless fertilization occurs be- 
lore the egg leaves the oviduct, pregnancy 
rarely, if ever, takes place. 


of the egg occur in the oviduct, but soon the 
young embryo descends into the uterus. Here 
the embryo stimulates the uterine wall, and 
the maternal tissues begin to surround and 
embed the embryo. As a result of this decid- 
ual reaction, the embryo becomes firmly im- 
planted. After successful implantation, devel- 
opment continues at the expense of substances 
absorbed from the maternal blood stream. 
At the end of about 6 weeks the embryo 
measures almost an tnch in Jength; and there- 
after it may be called a fetus. The fetus 
grows gradually, attarming a length of about 
3 inches at 3 months; 10 inches at 5 months; 
and 20 inches at 9 months. The gestation 
period in man is about 10 lunar months 
(approximately 9 calendar months), where- 
upon the fetus 1s dehivered through the vagi- 
nal passage. 


NUTRITION OF THE EMBRYO 


Lower Vertebrates. The problem of sus- 
taining the metabolism ol the embryo during 
the developmental period is relatively sim- 
ple in the case-ol the: lower vertebrates: (tor 
example, fish and amphibians) that deposit 
their eggs in water. Such eggs invariably 
contain a large amount of yolk materials, 
including protein, lipid, and carbohydrate 
reserves, ancl these substances are gradually 
mobilized anc used by the cells of the em- 
bryo as they multiply, grow, and differenti- 
ate. Before it 1s used up, most of the yolk 
comes to lie in the yolk sac, a pouchlike ex- 
tension of the embryonic enteron (Fig. 21-11). 
The walls of this embryonic nutritive organ 
become highly vascularized at an early cevel- 
opmental stage, and the stored food materials 
begin to be absorbed and distributed as soon 
as circulation is established. The embryo is 
surrounded by an aerated aqueous fluid, 
from which the blood absorbs oxygen, and 
to which it gives olf carbon dioxide and other 
waste products of metabolism. 

Land-Dwelling Vertebrates. The reptiles 
and birds were among the earhest terrestrial 


Granting fertilization, the first cleavages * vertebrates, and these animals retained the 
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Development of the embryonic membranes and the placenta in man and higher 


mammals generally. Compare with membranes of the bird’s egg (Fig. 21-12), noting differ- 


ences in the amnian, allantois, and yolk sac. 


oviparous (egg-laying) habits of their aquatic 
ancestors. Eggs laid on land, however, are al- 
ways covered by a shell and other protective 
membranes, for otherwise the developing 
embryos could not survive the drying effects 
of the atmosphere. Moreover, the embryos of 
land animals reach a relatively high state of 
development before they are able to face the 
hazards of the land environment. Accord- 
ingly, the egg cells of birds and reptiles, be- 
sides containing relatively large amounts of 
yolk, are surrounded by an “egg-white.” ‘This 
albuminous fluid provides the developing 
embryo with an extra reserve of water and 
additional protein reserves. Both the “egg- 
white” and the calcareous shell are secreted 
by the glandular walls of the oviducts, after 
ovulation has occurred, while the egg is pass- 
ing through the oviduct. 


The Embryonic Membranes. In reptiles, 
birds, and mammals, embryonic development 
proceeds 1n the absence of the age-old aquatic 
environment, and such development involved 
the evolution of a highly specialized system of 
embryonic membranes. These arose in the 
form of the amnion and the allantois, a pair 
of hving membranes that grow out from the 
embryo, enveloping it completely. Jointly 
these membranes, together with the yolk sac 
(Fig. 21-12), protect the embryo and sustain 
it by absorbing oxygen and foods and by 
eliminating metabolic wastes during the ex- 
tended period of development. 

The Amnion. The amnion, as it first ap- 
pears, is an outfolding of the body wall of 
the embryo, which carries with it an exten- 
sion of the coelomic cavity (Fig. 21-11] A). 
This double membranous fold continues to 
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grow until it envelops the embryo completely 
(Fig. 21-11B). Then the amniotic folds meet 
and fuse above the embryo, forming a new 
cavity, which is called the amniotic cavity. 
This amniotic cavity lies between the embryo 
and the inner layer of the amniotic fold, and 
Is not to be confused with extraembryonic 
coelom, which lies between the inner and 
outer folds of the original outgrowth. After 
the amniotic folds meet and fuse above the 
embryo, the inner layer of the outgrowth 1s 
called the amniotic membrane, and the outer 
layer is called the chorion (Fig. 21-11C). 

The amniotic cavity is filled with an aque- 
ous fluid secreted by the amniotic membrane. 
Accordingly the embryo continues clevelop- 
ment suspended in a watery medium, which 
duplicates many of the conditions of a truly 
aquatic environment. In eggs of the birds 
and reptiles, the chorionic layer of the amni- 
otic fold comes to lie in contact with the 
inner surface of the egg shell (Fig. 21-12). 
But in higher mammals, the chorion comes 
into direct contact with the uterine wall, 
which, after implantation, envelops the whole 
embryo. 

The Allontois. The allantois, or second em- 
bryonic membrane, arises as an outpocketing 
from the enteron. As it grows, the allantois 
continues to push out into the extraem- 
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Fig. 21-12. 


bryonic coelom, especially in a posterior 
direction (Fig. 21-11B, C). Then the outer 
layer of the allantois fuses intimately with 
the chorion, forming a single highly vascular 
membrane that lies immediately subjacent to 
the egg shell (Pig. 21-12). 

The allantois is an embryonic organ that 
fulfills the absorptive, respiratory, and ex- 
cretory needs of the developing embryo. 
Shortly after its formation, the allantois be- 
comes permeated with blood capillaries that 
are supplied and drained by major vessels 
Irom the embryo proper. In the bird and 
reptile, the allantoic capillaries serve not 
only to take in oxygen and give off carbon 
dioxide through the porous shells, but also 
to absorb the material of the egg white. 
Moreover, the allantois 1s a repository for 
the nongaseous metabolic wastes that are 
formed during embryonic development. At 
the time of hatching, most of the allantois .s 
discarded, together with all of the amnion. 
But the root of the allantois, at its junction 
with the enteron, is retained in mammals, 
being converted into part of the urinary 
bladder of the adult. 

The Uterus and Placenta. The mono- 
tremes, an almost extinct group of very 
primitive mammals, have retained the ovi- 
parous habit (Fig. 21-13), but a great ma- 
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Fig. 21-13. The duckbill, one of the few surviving species of monotremes, 
which do not develop any placenta. This primitive egg-laying mammal hos a 
birdlike bill and webbed feet. (Courtesy of the American Museum of Natural 


Histary, New York.) 


jority of present-day mammals are viviparous. 
In such mammals the developing offspring 
are retained within the uterus of the female 
until the end of the embryonic period, and 
the embryos are nourished during the devel- 
opmental period by food substances derived 
from the maternal blood stream. Essentially 
the uterus *s a specialized portion of the ovi- 
ducts (Fig. 21-14), which in some mammals, 
like the rabbit, remains duplex, but in others, 
like man, becomes simplex. 

The efficiency of the uterus as an abode 
for the developing embryo hinges upon the 
development of another structure, the pla- 
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centa. This important nutritive organ is de- 
rived partly from maternal tissues that grow 
around the embryo when it becomes im- 
planted in the uterine wall, and partly from 
certain of the tissues of the embryonic mem- 
branes. 

In higher mammals, the chorion and allan- 
tois arise in much the same fashion as in rep- 
tiles and in birds; but in mammals the 
chorion comes into contact with the tissues 
of the uterine wall (Fig. 21-11D), rather than 
with the inner surface of the egg shell. More- 
over, the chorion sends out a large number 
of fingerlike outgrowths, the chorionic villi, 
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Figs 21215. 





Human embryo (7.1 mm long) enclosed in the embryonic mem- 


branes. The yolk sac lies below, connected with the embryo by the umbilical 
cord. The embryo almost completely fills the amniotic cavity, which is bounded 
by the plainly visible omniotic membrane. The outermost membrane is the 
chorion, from which the tufted chorionic villi (embryonic part of the placenta) 
protrude. Gill slits appear on the side of the neck, and the mesodermal somites 
show along the dorsal margin of the trunk. The limbs are present, but no 
fingers or toes have yet been formed. (Courtesy of W. Chesterman, Oxford 


University.) 


which penetrate deeply into the uterine wall 
(Fig. 21-15). This region, where the tissues of 
the chorion and uterus are intermingled, is 
the placenta, which permits exchanges to 
occur between the blood of the fetus and 
that of the mother. The chorionic villi are 
richly supplied with blood capillaries, de- 
rived from the umbilical artery. This large 
artery extends out from the embryo along 
the stalk of the allantois, and the chorionic 


capillartes are drained by the umbilical vein, 
which returns to the embryo parallel to the 
umbilical artery (Fig. 21-16). The uterine 
wall, in the region of the chorionic villt, is 
also highly vascuJarized, and this tissue con- 
stitutes the maternal part of the placenta. 
The central part of the placenta has the 
form of a circular disc, embedded in the 
uterine wall at the site of implantation (Fig. 
21-16), but some placental tissue tends to 





Fig. 21-16. Usual position of the fetus shartly before 
birth. 1, placenta; 2, umbilical card; 3, uterus. (Fram 
The Living Body, by Best and Taylar. Halt, Rinehart 
and Winstan, Inc.) 


grow out and surround the fetus almost com- 
pletely (Fig. 21-15). 

In the placenta the maternal and embry- 
onic bloods do not intermingle, but they 
come into equilibrium with each other, be- 
cause the two separate sets of capillaries lie 
very close together over an extensive area. 
Oxygen and other food substances are trans- 
mitted from the maternal to the embryonic 
blood, thus compensating for the fact that 
mammalian eggs contain a very small supply 
of yolk. Moreover, metabolic wastes, such as 
urea and carbon dioxide, pass into the ma- 
ternal blood and do not accumulate in the 
blood of the embryo. 

At the end of the gestation period, deliv- 
ery is initiated by the rupture of the embry- 
onic membranes, in the region near the cervix. 
This first liberates the amniotic fluid; and 
shortly thereafter the fetus is forced through 
the vaginal passage by a rhythmic series of 
massive contractions of the uterine wall (Fig. 
21-17). After the umbilical cord is tied and 
cut, the infant must depend upon its own 
nutritive organs. The afterbirth, which is de- 
livered shortly after the fetus, represents a 
part or all of the placenta. In man and some 
other mammals, the whole placenta, includ- 
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ing the maternal part, is expelled, but in 
other mammals, the maternal tissues of the 
placenta are retained within the womb. 

All mammals, except the monotremes and 
marsupials, are called placentates, owing to 
their common possession of the placenta (see 
Chap. 32). ‘The monotremes are oviparous 
and display an essentially reptilian embryog- 
eny. The marsupials, which include the 
kangaroo and other pouched mammals, have 
a fairly well-developed uterus, but no pla- 
centa, Lacking adequate facilities for sustain- 
ing the fetus until development is complete, 
the marsupials deliver their young “‘prema- 
turely.”” When born, the young marsupial is 
deposited in a pouch that is an infolding of 
the body wall. This pouch also surrounds the 
mammary glands, so that the young are suck- 
led and protected until a fuller development 
is reached (Fig. 32-42). 

As is shown by the fossil record, mono- 
tremes and marsupials were much more 
prevalent in an earlier evolutionary era, but 
a retrogression of the nonplacentates occurred 
shortly after the placentates began to offer 
serious competition. However, in Australia, 
which was isolated from the mainland be- 
fore the placentates became numerous, the 
nonplacentates, especially the marsupials, 
continue to prosper in considerable numbers 
and varieties. 


ASEXUAL MULTIPLICATION IN 
MULTICELLULAR ANIMALS 


Sexual reproduction is virtually universal 
among multicellular animals, but many spe- 
cies, especialy among the invertebrates, also 
reproduce asexually—by methods that do 
not involve fertilization. ‘These asexual 
processes include parthenogenesis—which 
was discussed previously (p. 276)—as well as 
fission and budding. 

Fission and Budding. The direct splitting 
of an organism into two more or less equal 
parts 1s called binary fission. However, some- 
times a new individual arises from a rela- 
tively small piece of the parent, and this 
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Fig. 21-17. Two stages in the delivery of the human child. In A, the heod is in the 
process of passing through the dilated cervix into the vogina. In B, the head is poss- 
ing through the external orifice of the vagina. Note the thick part of the placenta 
near the right foot of the infont. (Courtesy of the Cleveland Health Museum.) 
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Fig. 21-18. 


Colony formotion due to fission, in a flatworm (Stenostomum 


grande). The eyespots of the members of the colony ore shown as smoll circles. 


Semidiogrommatic. (After Child.) 


asexual method of reproduction is called 
budding. Among multicellular organisms the 
equal or unequal fragments that generate 
such new individuals consist of several or 
many cells. 

Some coelenterates, flatworms, and anne- 
lids regularly multiply by fission. Among the 
flatworms the division 1s always transverse, 
forming two elongate pieces, which separate 
and regenerate the missing organs. In some 
worms, however, the separation is delayed 
until several] other fissions begin to cut across 
the serially arranged pieces (Fig. 21-18). Such 
a process of fission gives rise to a chainlike 
colony, which persists until the individuals 
separate. From an evolutionary viewpoint, 
this type of fission may be important, because 
it may provide a clue as to how segmented 
animals may have arisen. In fact it is con- 
sidered possible that the segmented type of 
body, which occurs in many higher animals, 
arose from a permanent association of such 
colonial individuals. 

In some animals the young embryo under- 
goes fission, and this process of polyembryony 
gives rise to two or more embryos derived 
from a single egg. Certain parasitic “bees” 
and “wasps” produce hundreds of offspring 
from each egg; and one mammal, the nine- 
handed armadillo, regularly produces four 
young, by two fissions of each early embryo. 
Likewise polyembryony sometimes occurs in 
man and other mammals. In man, the result 
is usually identical twins—although multiple 
fissions, resulting in identical triplets, quad- 
ruplets, and even quintuplets, have been re- 
corded. These offspring bear a very close 
resemblance one to another, because they all 
arise from the same zygote, and all receive 
an identical set of genes and chromosomes. 
Ordinary fraternal twins, unlike identical 
twins, arise from separate zygotes, and conse- 
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—as is shown by Obelia, one of the coelenterates. 
The upper (four) members are nutritive zooids, which 
ingest and digest food for the colony as a whole, 
whereas the lower members are reproductive zooids, 
which are responsible for reproduction. 


Fig. 21-19. 
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quently fraternal twins do not tend to re- 
semble each other more than other 
brothers and sisters. On rare occasions, in 


any 


man and other mammals, incomplete embry- 
onic fission may occur, producing grossly 
abnormal] oftspring, such as “Siamese twins,” 
or individuals with a supernumerary head or 
limbs. 

Budding, which occurs in some flatworms 
and Annehda, and in many sponges, Coelen- 
terata, and Tumicata, is well exemplified by 
the case of Hydra. In Hydra the bud origi- 
nates as a local accumulation of germ cells. 
These cells soon develop into a small but 
perfect offspring, which sooner or later be- 
comes detached from the parent (Fig. 3-12). 
In many other Coelenterata, however, the de- 
veloping buds remain attached to the parent, 
forming colonies in which considerable differ- 
enliation occurs among the associated indi- 
viduals (Fig. 23-39). 

Regeneration. [n many primitive animals 
such as Hydra, even a small piece of the body 
can regenerate into a whole animal, and 
some lower forms [ragment so readily that 


it is difhcult to draw a sharp hne between 
accidental regeneration and normal repro- 
duction by muluple fission. 

In higher animals, such as Mollusca, Ar- 
thropoda, and Vertebrata, the power of re- 
generation is more limited. Many of these 
animals can regenerate parts of the body, 
such as a limb that has been lost or injured; 
but the limb cannot regenerate a whole ani- 
mal. Moreover, if the whole body be divided 
into two or more purts, all the parts will die. 
Among vertebrates, fish can regenerate fins 
and tails; and salamanders may regenerate 
tails, legs, and jaws. An adult frog cannot re- 
store a lost leg, but a metamorphosing tad- 
pole can. Adult reptiles. birds, and mammals 
cannot replace lost limbs, although lizards 
(but not other reptiles) can regenerate the 
tal. In mammals, the regeneration of exter- 
nal parts is limited to the growth of skin 
and connective tissue over wounds; but some 
of the internal organs—especially the liver 
and some other glands—have considerable 
powers of regeneration. 


TEST QUESTIONS 


lee PIOVMIe2aneexam ple. Ince iC ceastre (0) teni- 
porary gonads; (b) a monoecious animal; 
(c) external fertilization: (d) mutual insemi- 
nation. 

2. Some animals produce many eggs, others 
very lew Explam., 

3. Identily, locate, and give the connections of: 
(a) seminiferous tubules: (b) interstitial tis- 
sue; (c) inguinal canal; (d) epididymis: (e) 
Vas seloreiis (Uy eire tina: 

4. Make a labeled diagram to show all the parts 

and connections of the human male repro- 

ductive tract. 

Discuss the functions of the seminal vesicles, 

the prostate, and the glands of Cowper. 

6. Make a labeled diagram to show the parts 
and connections of the human female repro- 
ductive tract. Specify the lunction or lunc- 


an 


tions of each part. 

7. Distinguish between amplexus and copula- 
tion. 

8. Identify. locate, and state the functions of: 


(a) the Graafian follicles; 
luteum; (c) the ostium. 

9. Identify and describe in terms of the human 
species: (a) ovulation: (b) fertilization: (c) 
implantation: (ad) the decidual reaction: (e) 
the growth of the fetus: (f) delivery. 

10. Distinguish between ovipary and vivipary. 


(b) the corpus 


Which is more prevalent among vetrebrates? 
Explain. 

11. How does the amnion difter from the allan- 
(ols as to its Origin in the embrvo? 

12. What is the amniotic Huid and why is it 
nmnportants 

13. Explain the functional importance of the 
allantois: (a) in reptiles and birds: (b) in 
mammals. 

I4. What is the placenta? 

[S< How: 1s thesplacenta related to: (a) the:chori- 
onic layer of the amniotic fold: (b) the allan- 
tors; (c) the tissues of the uterus? 

16. What are the chorionic villi and why are 
they important? 
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17. Adrenalin injected into the maternal blood 20. What is the alterbirthe How does it differ in 


stream accelerates the heartbeat of the fetus different mammals? 

as well as of the mother. Explain. 21. Specify two kinds of nonplacentate mammals. 
18. “Frace a sample of blood from the umbilical Explain why such creatures undoubtedly 

artcry to the umbilical vein (Fig. 2]-11D). found difficulty in competing with the mod- 
19. For each of the following substances, state ern mammals. 

whether it tends to pass (a) from the mater- 22. Distinguish between: (a) budding and fission; 

nal to the embryonic blood, or (b) from the (b) identical and fraternal twins; (c) com- 

enibryonic to the maternal blood, in the plete and incomplete embryonic fission. 

capillary system of the placenta: (1) glucose; 23. Discuss the possible relation between fission 

(2); (3) ures; (4) O.. and segmentation. 
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Q=The Endocrine Glands 


THE MANIFOLD functions of the body are 
integrated partly by the nervous system and 
partly by the endocrine glands. Each endo- 
crine gland secretes one or more highly ac- 
tive organic compounds directly into the 
blood stream, and these hormones control 
activity in many parts of the body. Com- 
pared to the rapidly executed commands of 
the nervous system, control is 
more deliberate and sustained. Consequently 
the endocrine glands are especially impor- 
tant in determining the slower and more en- 
during adjustments by which each organ 
keeps pace with the changing activities of 
the other body parts. 

The principal glands of the endocrine 
system are shown diagrammatically in Fig- 
ure 22-1. Some of these glands—that is, the 
thyroids, parathyroids, pituitary, and adre- 


hormonal 


nals—are purely endocrine in function, and 
these glands possess no ducts. Such ductless 
glands send al/ their secretions into the blood 
stream; in other words, the dnetless glands 
secrete internally, into the blood, rather than 
externally, into a duct. However, the endo- 
crine system also includes such duct-possess- 
ing glands as the pancreas, ovaries, and 
testes, which secrete both internally and ex- 
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Fig. 22-1. Location of the endocrine orgons in the 
human body. 


ternally; and there are some organs, such as 
the stomach, intestine, and perhaps the kid- 
ney, which produce hormones as a minor, or 
incidental, sideline to their regular activity 


(p. 307). 


METHODS OF ENDOCRINE RESEARCH 


Deficiency and replacement experiments 
are widely used in endocrinology. If a gland 
is removed from an animal, and the animal 
develops drastic dysfunctions as a result of 
the deficiency, there is no justification for 
believing that the excised organ is an endo- 
crine gland—unless the impaired functions 
can be restored by replacing the gland, either 
by grafting it in another part of the body or 
by injecting extracts prepared from the ex- 
cised tissue. Replacement by glandular ex- 
tracts 1s a particularly valuable technique, 
because the method of extraction provides a 
good index of the chemical nature of the 
hormone and ultimately may lead to the 
isolation, identification, and synthesis of the 
active compound. Moreover, if more than 
one hormone is present in the excised gland, 
these hormones can be separated by prepar- 
ing different extracts. In this way, for exam- 
ple, several distinct hormones have been 
obtained from the pituitary gland; and each 
separate hormone restores some but not all 
of the dysfunctions associated with the re- 
moval of the whole pituitary gland. 

Overdosage methods are also quite useful 
in endocrinology. Grafting extra gland tis- 
sue, Or injecting extracts—without first re- 
moving the gland in question—may give 
symptoms more or less opposite to the de- 
ficiency effects; in clinical cases, hyperactivity 
of a diseased gland may provide some clue 
as to the normal functions. 

In the final analysis, however, a hormone 
is not established until it has been isolated 
and identified as a pure substance. In recent 
years this goal has been reached in the case 
of almost all of the principal hormones (see 
below). Moreover, many of these compounds 
have now been artificially synthesized. 
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THE TESTIS AS AN ENDOCRINE GLAND 


In addition to its sperm-forming function, 
the testis produces testosterone, a very active 
hormone that stimulates the development 
of the secondary sexual characteristics of 
maleness in all vertebrate species. 

The drastic results of castration, over and 
above the mere development of sterility, have 
been recognized since ancient times, and 
several classical accounts describe the charac- 
teristics of the eunuch, especially emphasiz- 
ing the high-pitched voice, the hairless face, 
obesity, and mental inertia. In fact, several 
ancient peoples resorted to castration, em- 
ploying the eunuchs as safe keepers of the 
harem. 

The castration of any vertebrate tends to 
suppress the secondary sexual characteristics 
of the species. The capon, for example, lacks 
the large comb of the cock, and the body of 
a capon becomes unusually plump. The 
gelding also becomes heavier and more docile 
than the stallion, and hence the gelding 1s 
more useful as a beast of burden. 

The secondary characteristics of the male 
can be restored to the castrate by grafting or 
injecting testicular material, and this fact 
provided the first evidence that the testis is 
an endocrine gland. In the capon, for exam- 
ple, the characteristics of the cock—aside 
from fertility—can be restored by a suitable 
regime of testicular injections; in fact even 
a young hen will take on the bodily features 
and habits of a rooster if subjected to a 
similar treatment. 

Testosterone is produced by the iter- 
stitial tissue of the testis, which occupies the 
space between the sperm-lorming tubules (p. 
385). This fact was first suspected from clini- 
cal evidence. In cases of cryptorchy (p. 383), 
the undescended testis displays an almost 
normal amount of interstitial tissue, but the 
sperm-forming tubules are degenerate. Thus 
a bilateral cryptorchid, although completely 
sterile, largely retains the secondary attrt- 
butes of masculinity. The temperature in 
the abdominal cavity is higher than in the 
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exposed scrotal sac, and such a temperature 
daniages the sperm-forming tissues but does 
not greatly harm interstitial cells. Thus rf a 
testis 18 transplanted from the scrotum into 
the body cavity, the interstitial tissues persist 
but the tnbules degenerate. Moreover, the 
importance of the interstitial tissue is borne 
out by x-ray experiments. A suitable dosage 
ol x-radiation virtually destroys the tubules 
ol the testis, without much impiurment of the 
interstitial cells. Subsequently the treated in- 
dividual is sterile but still retains the sec- 
ondary characteristics ol the mule. 

Isolation of Testosterone. In 1932, testos- 
terone, CyygHs,O0., was isolated trom a mas- 
sive extract of sheep testes; and this steroid 
compound is generally acknowledged to be 
the main testicular hormone. This crystal- 
fine compound is so potent that just one 
hundredth of a milligram (.00001 g) will 
produce a measurable enlargement of the 
comb of a capon; in other words, one gram 
—the quantity extractable from about a ton 
of fresh testes—will give an appreciable el- 
fect in 100,000 birds. 

In addition to testosterone, several other 
steroid compounds, having a distinctly simi- 
lar though usually less potent action, have 
been identified. Some of these androgenic 
compounds are probably metabolic ceriva- 
lives or precursors of testosterone, since they 
can be extracted from some tissnes and from 
the urine. Others, however, are purely syn- 
thetic products that derive their androgenic 
potency lrom the srmilarity of therr chemical 
structure to the natural androgens. 

Puberty. Except for the primary differ- 
ence in the sex organs proper, there is scarcely 
any sex differentiation mm newborn children; 
and this lack of differentiation between the 
sexes persists until the time of puberty. At 
puberty, however, the interstitial tissues of 
the testes becomes active, and soon the newly 
mobilized testosterone begins to take effect. 
Now the boy becomes broader shouldered 
and more muscular; the voice deepens and 
the beard begins to grow; also there is a 
characteristic growth of hair im the axillary 


and pubic regions; and finally the genitalia 
proper take on the proportions of an adult. 


THE OVARY AS AN ENDOCRINE ORGAN 


In the female, the counterpart to: testos- 
terone is an ovarian hormone, estrogen,’ 
which is produced by the Graafiun follicles 
(p. 387). These follicles lie relatively dormant 
in the ovary until the time of puberty and 
then they ripen and begin to secrete estrogen. 

The puberty changes of the female body 
ure initiated by the liberation ol estrogen 
from the newly developing follicles. Gradu- 
ally the body contours lose their angularity, 
and the pelvis becomes somewhat broader; 
the breasts begin to develop, and there ts an 
appreciable growth of the uterus and the 
vagina. But the complete development of the 
reproductive structures, and the establish- 
ment of a menstrual cycle, necessitates the 
intervention of a second ovanan hormone. 
This is the hormone progesterone, which is 
produced by the corpus luteum.? 

Isolation of the ovarian hormones entailed 
the cooperation of biochemists and physiol- 
ogists 1n several nations; and all the ovarian 
hormones (except for relaxin) prove to be 
steroid componds, somewhat similar in chem- 
ical structure to testosterone. 

The Ovarian Hormones and the Estrous 
Cycle. Among most mammals, the [female of 
the species displays a distinct and periodic 
rhythm of sexual activity; and this so-called 
estrous cycle is dominated by the ovarian 
hormones. A dog or cat, for example, comes 
into “heat,” or estrus, only about twice 
yearly; but such species as rats and mice have 
a cycle that recurs much more frequently. 
Usually the female is receptive to the male 
only at the time of estrus; and regularly the 
Graafian follicles reach maturity and ovula- 
tion occurs at a definite time in the estrons 
period. 


* Estrogen: the one or more hormones produced by 
the follicles. 

2 Small quantities of progesterone are also secreted 
by the Graafian follicles; and some estrogen may be 
secreted by the corpus Juteum. 


The Menstrual Cycle. In man and the an- 
thropoid apes, the period of estrus is not 
distinct, and the situation is complicated by 
the occurrence of menstruation. However, the 
menstrual] cycle is likewise dominated partly 
by the follicular hormone, estrogen, and 
partly by the luteal hormone, progesterone. 

The average menstrual cycle endures for 
a total period of 28 days during which only 
one Graafian follicle, usually, ripens and 
ovulates. Starting at the time when the men- 
strual flow has just begun, a new follicle 
commences to develop. This new follicle 
reaches maturity usually on the twelfth to 
sixteenth day, and this is the time when ovu- 
lation normally occurs (Fig. 22-2). 

The follicle continues to increase its pro- 
duction of estrogen as it matures, passing the 
increased amounts of the hormones into the 
blood stream from the accumulating follic- 
ular fluid, until the follicle ruptures and 
liberates the egg. 

In addition to stimulating the growth of 
the mammary glands, uterus, and vagina at 
the time of puberty, estrogen exerts a cyclic 
(monthly) influence upon the growth of the 
mucosal lining of the uterus. Each month 
as a result of menstruation, the uterine mu- 
cosa is virtually destroyed; and in fact, the 
menstrual discharge consists of mucosal de- 
bris, together with some blood that escapes 
from the subjacent capillaries in the uterine 
wall. Thus an important function of estro- 
gen is to stimulate the initial stages of re- 
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generation and reconstruction in the internal 
lining tmmediately after menstruation. How- 
ever, estrogen alone is inadequate to com- 
plete the reconstruction of the uterine 
mucosa; without the subsequent action of 
progesterone, an implantation of the embryo 
cannot occur, and pregnancy cannot take 
place. 

Following ovulation (Fig. 22-2), the corpus 
luteum develops, usurping the region for- 
merly occupied by the follicle, and from 
about the sixteenth to the twenty-third day 
of the menstrual cycle, the luteal hormone, 
progesterone, is produced in increasing 
amounts. 

Progesterone exerts a very important influ- 
ence upon the structure and activity of the 
female reproductive organs: (1) it inhibits 
the ripening of new Graafian follicles, and 
consequently further ovulations do not occur 
while the corpus luteum is active; (2) it 
stimulates a continued growth of the uterus 
and perfects the reconstruction of the uterine 
mucosa, which now becomes highly vascular 
and capable of effecting an implantation of 
the embryo; (3) it inhibits muscular con- 
tractions in the uterine wall; and (4) it aug- 
ments the growth of the mammary glands. 

Obviously all these effects of progesterone 
are preparations for the event of pregnancy; 
and in fact, if pregnancy does occur, the cor- 
pus luteum persists during the first five 
months of the gestational] period. However, 
if the egg is not fertilized, the corpus luteum 
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Fig. 22-2. The menstrual cycle in relation to the ovarian hormones. 
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suddenly retrogresses—on the twenty-fifth to 
twenty-seventh day of the menstrual cycle. 
This sudden withdrawal of progesterone pre- 
cipitates a breakdown of the uterine mucosa, 
and leads to the menstrual How. Moreover, 
when the corpus Inteum subsides, another 
Graafian follicle—freed trom the inhibiting 
elfects of progesterone—begins to ripen; and 
this marks the beginning of the next men- 
stiuatcycle (lig. 22-2). 

The human ovum, subsequent to the time 
ol ovulation, remains fertile for a very limited 
time. Ordinarily the egg is capable ol being 
fertilized for only about 24 hours, although 
some three days are usually spent by the 
ovum in pissing throngh the Fallopian tube, 
ely TOULe TG ville wterine cavity. Lakewise: 
sperm remain viable in the female reproduic- 
tivestractlorionly gbout 2 days. in sew ol 
these factors the period of maximum fertility 
is closely associated with the time of ovula- 
tion, which usually occurs lrom the twelfth 
COqdite sixteemtin dan al the cycle. srloxcever. 
extremely early and extremely late ovula- 
tions are known to occur in some cases. 

Progesterone as a Factor in Pregnancy. 
Without progesterone, the decidual reaction 
(p. 388) cannot be elicited in the uterine mu- 
cosa; consequently an implantation of the 
embryo cannot ocenur. Normally, however, 
the corpus luteum is well developed at the 
time when the embryo descends into the 
uterus, and at this time the decidual reaction 
(p. 389) occurs very readily. Now, in facet, the 
uterine wall is so receptive that re can be 
induced to envelop almost any small object, 
however inert and foreign it may be. 

If the corpus luteum is destroyed very 
early in pregnancy, the uterine mucosa retro- 
gresses and abortion follows. But in a normal 
pregnancy the corpus luteum continues to 
be active for about five months, and by then 
the placenta is producing adequate quanti- 
ties of progesterone and gonaclotropte hor- 
mone (p. +11). Accordingly, the uterus 
continues to enlarge; the uterine contrae- 
tions are held in cheek; the mucosa is main- 
tained; and the mammary glands continue to 


develop. Then near the end of the preg- 
nancy, the corpus luteum involutes, and the 
placenta becomes less active. Deprived of pro- 
gesterone, the uterine mucosa retrogresses 
and loses its capacity to nurture the fetus. 
Then the musculature of the womb becomes 
active, and the fetus is forcibly delivered 
through the dilated! vaginal canal. 

Hormonal Control! of Lactation. Al] mam- 
mals suckle their young with milk from the 
mammary glands. The breasts undergo in 
initial devlopment at the time of puberty, 
and further development occurs during preg- 
nancy. However, it is only alter parturition 
(delivery of the fetus) that the mammary 
glands are stimulated to produce milk. 

At least three hormones, namely estrogen, 
progesterone, and luteotrophin (lactogen), 
must act successively in preparing the mam- 
mary glancs for seeretion (p. 4]1). At pu- 
berty, estrogen produces an initial growth ol 
the glands, but this growth soon reaches a 
maximum. During the menstrual evcle there 
is a shght waxing and waning of the mam- 
mary tissue, following the rise and fall ol 
progesterone, but during pregnancy pro- 
gcsterone has time to produce a mueh larger 
effect. However, the actual production of 
milk can only be elicited after parturition, 
when the pituitary gland begins to liberate 
larger quantities of the lactogenie hormone, 
juteotrophin (p. 411). 

The rudimentary mammary glands of a 
male dog or other laboratory animal are 
sometimes used to test the poteney of the 
lactation hormones. By suitably timed injec- 
tions of estrogen, progesterone, and luteo- 
trophin, the mammary glands of the male 
can be developed quite completely, and milk 
ean be obtained. 


THE THYROID GLAND 


The human thyroid is a small bilobed 
gland that hes in the neck, along the sides ol 
the trachea. The two lobes are connected by 
the isthmus, a narrow strand of tissue that 
passes across the lront of the trachea, just 


below the larynx (Fig. 22-3). The entire thy- 
roid weighs only about an ounce; and the 
gland is purely endocrine in function. 
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Fig. 22-3. Thyroid gland: structure and position. 


The thyroid arises in all vertebrate em- 
bryos as an outgrowth from the floor of the 
pharynx. All vertebrates also possess para- 
thyroid glands (p. 405), which arise from the 
wall of the pharynx. In many species the 
parathyroids lie some distance from the thy- 
roid, but in man the parathyroids are four 
smal] bean-shaped bodies, embedded in the 
thyroid tissue. 

The importance of the thyroid was sus- 
pected even in ancient times; but in 1885 
replacement experiments gave definite proof 
of a thyroid hormone; and in 1916 thyroxin 
(C,;H,,0,NI,) was isolated for the first time. 
Thyroxin successfully counteracts the effects 
of thyroidectomy, although the hormone ap- 
pears to be carried in the blood stream as a 
thyroxin-protein compound.? 

The pronary effect of the thyroid hormone 
is upon the rate of metabolism in the body 
tissues. With inadequate thyroxin, the body 
consumes less oxygen and produces less meta- 
bolic wastes; and in extreme cases the basal 
metabolism falls to less than 30 percent of 


> Recently a series of compounds, closely related 
to thyroxin, have been isolated from thyroid tissues; 
among these, tri-iodothyronine (T;) is about five 
times more active than thyroxin. 
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normal. Conversely, an excess of thyroxin 
elevates the metabolic rate considerably 
above normal levels. 

Many of the severe symptoms that ac- 
company thyroid derangement probably rep- 
resent secondary effects, resulting from the 
drastic metabolic changes in the various or- 
gans. Also the net results are different, de- 
pending upon whether the thyroid deficiency 
(or excess) 1s experienced before or after the 
animal reaches maturity. 

Hypothyroidism in young animals retards 
development very profoundly (Fig. 22-4). In 





Fig. 22-4. 
months old and a normal sheep of the same age. 
The thyroids had been removed from the cretin obout 
12 months previously. (After Sutherland Simpson. From 
The Living Body, by Best ond Toylor. Holt, Rinehart 
and Winston, Inc.) 


Thyroidectomized cretin lamb about 14 


tadpoles, for example, metamorphosis into 
adult frogs does not occur if the thyroid is 
destroyed at an early stage. This situation 
has a parallel in the axolotl, a kind of sala- 
mander which tnhabits the highlands of 
Mexico. This species possesses a hereditary 
delect of the thyroid and does not develop 
beyond the gill-bearing “tadpole stage.” 
However, if thyroxin is administered, the 
axolotl completes development like other 
salamanders. Soon it loses its gills and be- 
comes a true land animal—a sort of “new 
species,’ produced artificially (Fig. 22-5). 
Overdosage experiments also give striking 
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WITH THYROID 


Fig. 22-5. Mexican axolotls. In nature this amphib- 
ian, which congenitally lacks a thyroid gland, fails to 
undergo metamorphosis; that is, it retains its larvol 
form (above). Belaw, metamorphosis, induced by thy- 
roid treatment. 


results as to the role of the thyroid in de- 
velopment. If tadpoles are continually fed 
with minced sheep thyroid, they develop 
with astonishing rapidity. In fact, such a tad- 
pole becomes a full-fledged lrog long before 
it has a chance to grow to a suitable size; 
and in some experiments these miniature 
adults were scarcely larger than houseflies. 

In a newborn child a seriously underac- 
five thyroid leads to cretinism. This condi- 
tion is now quite rate, but formerly cretins 
were often encountered in the Alps and cer- 
tain other districts where the iodine content 
of the soil—and consequently of the local 
produce—is exceptionally low. Lacking 1o- 
dine, the thyroid is unable to synthesize 
thyroxin, and gradually the thyroid tissues 
lose their normal structural characteristics. 
Typically the cretinous child is very small 
and malformed, with swollen tongue and 
puffy skin; and physical and mental develop- 
ment are scarcely perceptible even after years. 
The disease gives a very dramatic response 
to thyroxin, however, if the hormone is given 
in the early stages. 

In adults the commonest forms of hypo- 
thyroidism are myxedema and endemic goi- 
ter. Both of these conditions may arise from 





inadequate iodine in the diet, although prob- 
ably there are other contributing factors, 
including hereditary susceptibility. 

In myxedema the thyroid deficiency is rela- 
tively great, but there is no appreciable swell- 
ing of the thyroid tissue—which, in fact, may 
become degenerate. Usually the myxedema- 
tous patient displays a basal metabolism 
which is at least 25 percent below normal. 
The subject complains of cold, and, indeed, 
with the metabolism at so low an ebb, the 
body temperature may fall as much as 4 
degrees. Extreme physical and mental leth- 
argy are common, and sometimes there is a 
tendency toward obesity. Also the skin be- 
comes puffy and doughy, due to a deposit of 
mucoid material in the deeper layers. In 
some cases, myxedema responds to the addi- 
tion of iodine to the diet; but more generally 
it is necessary to give the thyroid hormone. 

In endemic goiter the deficiency is rela- 
tively mild, so that the fall in basal metab- 
olism is usually not more than 15 to 20 per- 
cent. A swelling of the thyroid tissue forms 
the goiter, which usually protrudes from the 
neck. The swelling is due to the accumula- 
tron of a colloid fluid in the thvroid tissue, 
and consequently this type of goiter is also 
called colloid goiter. The colloid in such 
cases, however, is very low in its content ol 
thyroxin. 

Typically endemic goiter results [rom a 
deficiency of iodine, and the swelling may 
represent an attempt by the gland to com- 
pensate for the lack of iodine. Endemic goi- 
ter tends to be localized tn certain regions. 
Detroit, for example, occupies a_ locality 
where the soil lacks 1odine:; and in 1924, 36 
percent of the school children of this city 
displayed endemic goiter 





at least in the in- 
cipient stages. Seven vears later, however, 
subsequent to the compulsory addition of 
small quantities of potassium iodide (KI) to 
the table salt of the region, the incidence of 
goiter in the school population of Detroit 
had dropped to less than 3 percent. 

A swelling of the thyroid does not invari- 
ably indicate that the gland is underactive. 


In fact the commonest form of hyperthyroid- 
ism is found in exophthalmic goiter, or 
Graves’ disease. In this condition the swell- 
ing is apt to be moderate, although the de- 
gree of hyperactivity may be very great. 

The basal metabolism of a hyperthyroid 
patient may be more than doubled, and such 
an acceleration of the metabolism of the tis- 
sues has drastic consequences. The nervous 
and muscular systems become hyperirritable; 
and there is profuse sweating, insomnia, and 
muscular tremors. The subject eats more 
food, yet loses weight. The blood pressure 
rises and the heart may be overworked to a 
serious degree. Moreover this type of goiter 
is usually marked by a protrusion of the eye- 
balls (exophthalmos), although the under- 
lying cause of this peculiar symptom prob- 
ably lies in the pituitary gland, rather than 
in the thyroid. In fact, the factor that in- 
duces the goiter and drives the gland to such 
extremes of activity seems to be an overpro- 
duction of the thyrotrophic hormone (p. 
411) by the pituitary gland. To alleviate the 
condition, however, the surgeon usually re- 
moves a certain proportion of the thyroid, 
guiding his judgment by preliminary meas- 
urements of the metabolic rate. Also x-rays 
and radium may be used to destroy some of 
the thyroid tissue. More recently also, radio- 
active iodine, which accumulates sufficiently 
in the thyroid gland to dampen the activity 
of the secretory cells, and certain drugs that 
inhibit thyroxin synthesis, have yielded 
promising results. 


THE PARATHYROID GLANDS 


In 1957, Howard Rasmussen and co-work- 
ers at The Rockefeller Institute in New 
York, first succeeded in isolating and identify- 
ing the parathyroid hormone. Like insulin 
(p. 408), this hormone proved to be a rela- 
tively simple protein-type compound—a 
polypeptide chain, consisting of 83 amino 

4 Perhaps an even more important recent use of 


radioactive iodine has been to arrest the growth of 
malignant tumors of the thyroid gland. 


The Endocrine Glands - 405 


acid units. The isolation was an exceedingly 
difficult task, however, and required more 
than five years of very intensive work. It in- 
volved extraction of the protein components 
of the parathyroid glands from more than 
300 head of cattle, separating these compo- 
nents on the basis of their differential solu- 
bility in various organic media. 

The parathyroids are essential to life, and 
without replacement therapy the animal dies 
in about three weeks after the parathyroids 
are removed. This result is amply substanti- 
ated in a variety of species, including man. 
In surgical history there are records of sev- 
eral cases in which the parathyroids were 
sacrificed inadvertently, during operations 
on the thyroid (see Fig. 22-1). 

Usually within two to three days after the 
removal of all the parathyroid tissue, an ani- 
mal displays severe muscular tremulations 
and then violent cramps and convulsions. 
Such a condition of tetany gradually pro- 
gresses to the point of exhaustion, and the 
victim dies in a comatose state. Rarely, the 
tetanic phase of the disorder does not ap- 
pear, in which case there are only muscular 
weakness and a very slow wasting of the 
tissues. 

The parathyroids appear to have a critical 
effect upon the metabolism of calcium and 
phosphorus in the tissues. Following the re- 
moval of the glands, the blood calcium level 
falls, and the severity of the symptoms runs 
parallel, at least roughly, to the degree of 
calcium depletion. Moreover, the symptoms 
of parathyroid insufficiency are held in abey- 
ance quite indefinitely by injections either 
of parathyroid concentrates or of calcium 
solutions—although best results are obtained 
when both are used. With overdoses of para- 
thyroid concentrates, the level of calcium in 
the blood becomes too high, but the blood 
content of phosphorus tends to fall away. 
Also there is a marked depletion of both 
calcium and phosphorus compound in the 
tissues, especially in the bones. 

Recent studies, utilizing newly available 
purified parathyroid hormone, have yielded 
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a clearer picture of the physiological role of 
the parathyroid glands. They exert homeo- 
static control over the Ca*+ ion content of 
the body luids, both blood and Ivmph. The 
parathyroid glands, in fact, have been called 
the calciostats of the bocly. This is a very im- 
portant role, since cells in general—but nerve 





and muscle tissues im particular—are very 
sensitive to the Ca?+ ion level of the internal 
environment. Also a proper Ca?+ ton level 
Is esscnitial to the maintenance ol the mineral 
content of bone, which is mainly a cal- 
ctum-phosphate complex, called hydroxy- 
apatite. 

The primary target organs ol the parathy- 
roid hormone are the intestines, the kidneys, 
and certain ol the cells in bone tissue. More- 
over, a release of hormone by the glands 1s 
tiggered when a drop occurs in the level of 
Ca?*+ jon in the circulating fluids. Stumu- 
lated by the parathyroid secretion, the in- 
testinal mucosa absorbs more calcium, the 
kidney tubules reabsorb more calctum but 
less phosphate, and the bone-eroding cells. 
or osteoclasts, become more numerous and 
more active in decomposing the mineral de- 
posits of the bone, thus liberating calcium 
and phosphate into the cirewlation. ‘The main 
effect. accordingly, is to raise the circulating 
Ca*+ ion level, although simultaneously 
the phosphate level tends to fall because of 
the extra phosphate excretion by the kidney. 
‘This, in fact, more than compensates for the 
influx of phosphate from the bone. 

A direct feed-back contro} (p. 412) of ac- 
uivity in the parathyroid glands appears to 
besoperative, An excess of Ca-* ion im the 
body fluids tends to suppress the mobilization 
of parathyroid hormone by the gland. More- 
over, it has been found that the parathyroid 
hormone fails to function effectively in cases 
of vitamin D deficiency. 


THE ADRENAL GLANDS 


In man, each acrenal gland perches like a 
smatl cap on the upper end of the corre- 
sponding kidney (Fig. 22-6). Both glands 


CORTEX 
MEDULLA 





-————— JRETER 


Fig. 22-6. 


The adrenal 
kidney, produces an assortment of important hormones 
in its cortex ond cdrenolin in its medulla. 


gland, perched otop the 


together weigh less than one ounce, but the 
adrenal blood supply is very copious. 

Each adrenal is a duplex gland that im 
section displays a dark-brown central core, 
the medulla, surrounded by a paler shell of 
tissue, the cortex (Fig. 22-6). These two dis- 
tinct parts of the adrenal arise separately in 
the embrvo: the cortex from the mesodermal 
lining ol the coelom; and the medulla Jrom 
an ectodermal outgrowth of the neural tube. 
Likewise the cortex and medulla have dis- 
tinctly different functions in the adult body, 
and, in fact, an animal survives quite well 
without any adrenal medulla, but cannat 
live in the absence of all cortical tissue. 

The Adrenal Medulla. Adrenalin,” or epi- 
nephrin (CyH,,0O,N), was isolated quite carl 
(1904). Adrenalin has been synthesized arti- 
ficially, and chemists have likewise produced 
several corey ditigs such as ephedrin, that 
exert a comparable action in the body. 

The physiological effects of an adrenalin 
injection are widespread and potent. The 


°In addition to adrenalin, the adrenal medulla 
produces smaller quantiues of a related compound, 
noradrenalin, which lacks a terminal -CH, radical and 
has slightly different physiological effects. 


heart action becomes stronger and quicker; 
but the digestive tract becomes quiescent. 
The skin pales, the pupils dilate, and the 
hair erects. Moreover, adrenalin procdhices a 
marked eifect upon the arteries. The arteries 
supplying the viscera and skin become con- 
stricted—which shunts most of the circula- 
tron into the Jungs, muscles, aud brain. The 
spleen contracts, augmenting the total quan- 
tity of circulating blood, and the liver draws 
upon its glycogen reserves to mobilize addi- 
tional blood sugar. ‘The coagulation reactions 
of the blood are also speeded up consicler- 
ably. 

In sum total, adrenalin simulates a gener- 
alized excitation of the whole sympathetic 
nervous system (p. 465). The body displays a 
similar picture under stress of fear and anger, 
Which likewise calls forth a widespread hyper- 
activity of the sympathetic nerves. These ob- 
servations form a basis for the emergency 
theory of adrenal function. According to 
this view, the sudden release of extra adren- 
alin in times of stress is instrumental in 
transforming the body into a more effective 
“fighting machine.” 

The Adrenal Cortex. An absence of the 
cortex accounts for the prostration and early 
death that follows a total extirpation of the 
adrenal glands; acrenalectomized animals 
remain alive ancl free of drastic symptoms if 
about one fifth of the cortical tissue remains 
intact—-irrespective of the presence or ab- 
sence of any medullary tissue. 

The symptoms of adrenal cortica] insufh- 
ciency, which culminate in death, are nu- 
merous and obscure. Apparently there is a 
derangement of carbohydrate 
metabolism. The tissues display an impatred 
capacity for deriving glucose from protein 
sources, and the blood glucose is apt to fall 
to a dangerous level. The osmotic charac- 
teristics of the blood are also seriously al- 
tered. The kidneys fail to reabsorb adequate 
quantities of inorganic salts, especially NaCl. 
Under these circumstances of lowered os- 
motic pressure, fluid tends to escape too 
rapidly from the capillaries, the blood plasma 


veneralized 


The Endocrine Glands - 407 


fails to maintain its normal volume, the 
blood pressure falls drastically, and the ani- 
mal goes into a state of “shock.” During a 
protracted cortical insufhciency, the sex func- 
tions also fa1}—although this failure prob- 
ably represents an indirect effect resulting 
from the metabolic derangement that ac- 
companies the deficiency. In males the sem:- 
niferous tubules degenerate; and in females, 
the Graahan Tollicles stop developing—or if 
pregnancy has started, abortion follows. 
Moreover, mothers with recently delivered 
offspring lail in the secretion of milk. 

The first life-sustarning extract of the 
adrenal cortex, obtained in 1930, was named 
cortin. Subsequently many efforts have been 
made to isolate, purify, and identify the 
inclividual active components of the extract; 
and these efforts have been fairly successful. 
In fact, some 20 compounds have been ob- 
tained, among which cortisol (Co;H9O;), 
deoxycorticosterone (C,H )03), and aldos- 
terone (C,,H.,O;) are perhaps the most im- 
portant. Af] the isolated substances are ster- 
oid compounds, and all bear a close chemical 
relationship to the hormones produced by 
the testes and ovaries. Probably some of these 
compounds are merely derivatives of the hor- 
mones naturally present in the intact cortex. 

In 1948 one of the adrenocortical hor- 
mones, namely cortisol synthesized 
artificially, and this compound relieves many 
of the symptoms of adrenocortical insufh- 
ciency. It also possesses astonishing alleviative 
values when used in the treatment of rheu- 
matoid arthritis and certain other diseases 
in man. However, cortisol] must be admin- 
istered] with caution because of its great 
potency and many side effects. 

Recently aldosterone has also been isolated 
and synthesized artificially. Aldosterone is 
very effective in regulating the osmotic bal- 
ance between the blood and the tissues and 
seems to provide a valuable treatment for 
cases of surgical, or traumatic shock. 

‘There are still a number of unsolved prob- 
lems as to the functions of the adrenal cor- 
tex. ‘The total potency of cortin (the un- 





was 
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fractionated extract of the tissue) seems to 
exceed the combined potencies of all the in- 
dividual substances that have been isolated 
from the extract. Also the whole cortin ex- 
tract, prepared according to the best known 
methods, shows very little influence upon the 
sexual functions of the animal. 

in man, the commonest type of adrenal 
cortex insufhiciency is encountered in Addi- 
son's disease, a tubercular infection localized 
mainly in the cortex portion of the gland. 
A hyperactivity of the cortex is encountered 
in some cases of adrenal tumor. Such tumors, 
although very rare, especially in males, are 
apt to give rise to a condition known as 
adrenal virilism, which can appear at any 
age. In boys the sex organs, except for the 
testes, May approximate full size and ma- 
turitv at an age of ] or 2 vears, and simul- 
taneously the hair, voice, and body muscula- 
ture take on the characteristics of an adult 
man. But even greater is the misfortune of 
a girl or woman who develops adrenal viril- 
ism. In this case, the bodily development ts 
all in a masculine direction, producing a 
bearded face, deepened voice, and consider- 
able muscularity. Simultaneously the ovaries, 
uterus, and vagina begin to atrophy; but 
the clitoris enlarges, assuming the propor- 
tion of a penis. Such changes, in both male 
and female subjects, are somewhat difficult 
to interpret, although they may be due to a 
great overproduction of cortical hormones, 
some of which have distinct androgenic prop- 
erces. All in all, therefore; many miore data 
are needed before the problem of adrenal 
virilism can be clarified and brought under 
control. 


THE ENDOCRINE FUNCTION OF THE 
PANCREAS 


An endocrine function of the pancreas was 
first suspected in 1892, when it was observed 
that depancreatized dogs quickly develop 
severe symptoms of a fairly common human 
aullment, diabetes mellitus. However, no hor- 
monal activity could be found in the pan- 


creas until 1922. Then an extract capable of 
alleviating diabetes was prepared from pan- 
creatic tissue, and in 1927, purified crystalline 
insulin was finally isolated. Insulin proved to 
be a protein compound that is digested by 
the trypsin of the pancreas; and unless pre- 
cautions are taken to inactivate the enzyme 
before extracting the hormone, insulin can- 
not be obtained from the pancreatic tissues. 

The main part of the pancreas consists of 
the digestive tubules that form the pan- 
creatic juice, but there are considerable 
masses of endocrine tissue occupying the 
spaces. between the tubules (Fic. 222-70 Tins 
tissue makes up the islands of Langerhans, 
which secrete insulin directly into the blood 
stream. In the embryo, the endocrine tissue 
of the pancreas buds olf Irom the digestive 
tubules and loses all connection with the 
duct system of the gland. 

Hypoinsulinism. Diabetes mellitus is a 
severe and fairly prevalent malady that has 
been recognized since antiquity. Without 
treatment, the diabetic displays great thirst, 
excessive urination, a steady and unchecked 
loss of weight, weakness, prostration, coma, 
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Fig. 22-7. The pancreas is bath an endacrine and an 
exocrine gland. It internally secretes insulin fram the 
islands af Langerhans tissue and it externally secretes 
pancreatic juice from the alveali. 


and finally death. Clinically the picture 
includes a very high blood sugar level; per- 
sistent glucose in the urine (sometimes ap- 
proaching 8 percent); depletion of the gly- 
cogen stores of the liver; and—-when the 
comatose stage is reached—a distinct acidosis, 
with detectable amounts of acetone and re- 
lated compounds in the blood and urine. 

All these symptoms point to a generalized 
impairment of carbohydrate metabolism in 
the body. In the absence of insulin the tissues 
of the body seem to lose their capacity to 
metabolize glucose effectively, and the liver 
fails to store glycogen adequately. Accord- 
ingly, glucose accumulates in the blood and 
drains forth in the urine. Even if carbohy- 
drates are withheld from a diabetic, glucose 
continues to be formed and excreted. Despite 
the fact that the tissues cannot use it, glucose 
continues to be mobilized by an excessive 
deamination of absorbed amino acids; and 
even the tissue proteins are sacrificed to the 
same quite useless end. Fats are also oxidized 
to an excessive degree. This leads to a piling 
up of certain acidic compounds—formed as 
intermediary products during the excessive 
oxidation of the fat—at the terminal stages 
of acidosis. 

Injection of insulin alleviates the diabetic 
symptoms, but the action only persists for 
several hours. Consequently diabetics require 
a daily regime of insulin injections, and the 
maintenance of health depends upon a me- 
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Fig. 22-8. The pituitory gland of man. Note 
the intermedicte port (stippled areo, just 
posterior to the cleft) between the principol 
tissues of the anterior and posterior lobes. 


The Endocrine Glands - 409 


thodical adherence to the treatment—al- 
though rarely the endocrine tissues of the 
pancreas may recover their normal function. 

Hyperinsulinism. Unless accurately cali- 
brated, an injection of insulin may overshoot 
its mark. In this case the blood sugar level 
sinks drastically and hypoglycemic shock (p. 
341) ensues. Therefore, most patients take 
precaution to have sweet drinks on hand—to 
be taken at first sign of “‘postinjection shak1- 
ness.”’ If shock ensues and the individual be- 
comes unconscious, the attending physician 
may have difficulty in deciding quickly 
whether to give sugar for shock or insulin for 
diabetic coma. 

Insulin has proved most effective in the 
treatment of diabetes mellitus, but there are 
still several unsolved aspects of the problem. 
In rare cases, for example, no appreciable 
degeneration of the endocrine tissues of the 
pancreas can be found at autopsy even when 
diabetes seems to have been the cause of 
death. Also some evidence indicates that ab- 
normalities of anterior pituitary and the 
adrenal cortex, as well as of the pancreas, 
may sometimes be involved in the disease. 


THE PITUITARY 


The hypophysis, or pituitary gland, 1s 
scarcely larger than a pea, and yet this gland 
is one of the most important in the whole 
endocrine system. ‘The pituitary hes approxi- 
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mately at the center of the head, attached to 
the base of the brain by a stalk, the infundi- 
bulum (Fig. 22-8). Moreover, the pituitary is 
a double gland, consisting of two main parts 
—the anterior Jobe and posterior lobe—al- 
though part of the posterior lobe appears to 
be different from the main mass, constituting 
what 1s called the intermediary tissue (Fig. 
22-8). The anterior lobe arises in the embryo 
as a pouchlike upgrowth from the roof of the 
pharynx; whereas the posterior lobe is a solid 
downgrowth from the floor of the brain. 
These parts of the embryonic pituitary make 
contact, but the anterior lobe grows more 





rapidly, partially encompassing the posterior 
lobe. In the adult, all connection between 
the anterior lobe and the oral cavity is lost, 
except In rare anomalous cases, but the con- 
nection of the posterior lobe with the brain 
persists as the infundibulum. 

Pituitary research has been very active for 
many years, but it stall presents a number of 
unsolved problems. The work is very diff- 
cult, because the gland lies in a relatively 
inaccessible position and hecause most, il not 
wl, of the pituitary hormones are protein 
compounds, which are difficult to isolate and 
identify. 

Deficiency and Overdosage Experiments. 
Rats are excellent specimens for pituitary 
research, hecause the pituitary of the rat 
is relatively easy to remove by operating 
through the roof of the mouth. When this 
operation is successful, no damage is done 
to the overhung pram,-and ‘there is seldom 
any infection even in the absence of aseptic 
precautions, 

Deprived of the pituitary, the animal dis- 
plays a number ol characteristic symptoms. 
Young specimens stop growing and never 
reach sexual maturity. In-adults, the males 
suffer a distinct retrogression of the testes 
and accessory reproductive structures, and 
females display a degeneration of the ovaries, 
uterus and vagina. Both sexes are prone to 
show an atrophy of the adrenal cortex and of 
the thyroid glands. 

Consistent results are also obtained by 


overdosage with pituitary material, either in 
the form of myected extracts, or from the 
implantation of extra glands. Characteristt- 
cally young animals grow prodigiously, reach- 
ing a state of gigantism, with a 4éry early 
onset of sexual maturity. Also adult spect- 
mens display hypertrophy and hyperactivity 
of the primary and secondary sex organs, as 
well as of the thyroid and adrenal cortex. 
Hormones of the Anterior Pituitary. On 
the basis of these and many other experi- 
ments, several separate anterior lobe hor- 
mones have now been demonstrated. These 
better 
known as the growth hormone; the gonado- 
trophins, a group of hormones that act 
primarily on the sex organs; and also thyro- 


include somatotrophin, which 1s 


trophin and corticotrophin, which act re- 
spectively on the thyroid and adrenal cortex. 
Other anterior pituitary hormones are also 
indicated, but these will not be included in 
the present account. 

The Growth Hormone. Human cases of gi- 
gantism, with statures greater than 9 feet, 
were recorded by the: Greeks and, Remins. 
but it was not unul about 1860 that the con- 
dition was related to un overactive pituitary. 
More recently, the work of separating the 
growth-promoting substance from crude 
pituitary extracts finally culminated in 1944 
with the isolation of a simple protein, soma- 
totrophin. This hormone is exceedingly po- 
tent in restoring growth to hypophysectom- 
ized animals. 

The pituitary giant is a well-proportioned 
individual, although the overgrowth of the 
limbs exceeds that of the other body parts. 
Likewise the pituitary midget may be quite 
normal, except for extremely diminutive legs 
and arms. Apparently hyperactivity or hypo- 
activity of the pituitary may be restricted 
largely to the tissue that secretes the growth 
hormone. 

Acromegaly is another human ailment in 
which an excess of somatrophin appears to 
be the major factor. In acromegaly the hyper- 
activity of the pituitary 1s usually due to a 
tumorous condition, which develops after an 


individual reaches maturity. By this time the 
capacity for skeletal growth is largely re- 
stricted to the hands, feet, and facial regions; 
and if acromegaly persists, the jaws become 
abnormally long and broad, and the brows 
enlarge to beetling proportions. Also the 
bones of the hands and feet become abnor- 
mally thickened, especially at the joints of 
the fingers and toes. 

The Gonodotrophic Hormones. Three gonad- 
stimulating fractions have now been iden- 
tified. These are called FSH (follicle-stimu- 
lating hormone), LH (luteinizing hormone), 
and LT (luteotrophin). All are protein com- 
pounds, the first two being glycoproteins. 

In males and females, both FSH and LH 
are necessary, for puberty to be established 
in younger animals and for the sexual func- 
tions to be maintained in older individuals. 
Without FSH, the Graafian follicles fail to 
develop, or, if the animal is male, the semi- 
niferous tubules remain inactive. Without 
LH, on the other hand, ovulation does not 
occur; that is, the ripe eggs are retained 
within the follicles, or in male specimens, the 
interstitial tissue of the testis remains dor- 
mant and fails to produce testosterone. FSH 
accordingly serves to stimulate growth in the 
Graafian follicles and seminiferous tubules, 
whereas LH induces ovulation and activates 
the corpus Juteum (in the female) and en- 
hances the activity of the interstitial tissue 
(in the male). 

The third gonadotrophin of the anterior 
pituitary, luteotrophin, serves primarily to 
sustain the corpus luteum during the early 
part of pregnancy. Luteotrophin also has an 
important secondary action—on the mam- 
mary glands. It is responsible for inducing an 
active secretion of milk. However, luteotro- 
phin can do this only after the glands have 
been stimulated previously by estrogen and 
progesterone—and possibly also by another 
unidentified pituitary hormone. Formerly it 
was thought that the luteotrophin and the 
lactogenic hormone were separate entities, 
but now it seems evident that they are a 
single compound. Moreover, this same com- 
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pound exerts a distinct influence on maternal 
behavior, at least in many species. 

Thyrotrophic and Corticotrophic Hormones. 
The consistent regression of both the thyroid 
and adrenal cortex in animals deprived of 
the pituitary soon indicated that probably 
the pituitary produces two other hormones; 
and recently thyrotrophin, which is also 
called the  thyroid-stimulating hormone 
(ISH), and the adrenocorticotrophic hor- 
mone (ACTH) have been identified. 

The thyroid gland is exceedingly sensitive 
to stimulation by TSH and, in fact, the pri- 
mary disturbance in exophthalmic goiter 
appears to be an overproduction of this hor- 
mone by the anterior pituitary. 

A triumph of biochemical research was 
consummated recently with the synthesis in 
1961 of a very active part of the ACTH mole- 
cule. This work was done by K. Hofmann 
and collaborators at the University of Pitts- 
burgh. A previous analysis of purified ex- 
tracted hormone had revealed it to be a pep- 
tide chain, consisting of some 39 amino acid 
units. However, the part synthesized, in 
which 23 amino acids are united in proper 
sequence, displays almost as much activity as 
the total molecule. Then finally, in 1963, the 
total synthesis of ACTH was achieved by 
Schwyzer and Sieber in the Ciba laboratory, 
Switzerland. 

As the name implies, ACTH stimulates the 
production or release of the adrenocortical 
hormones, particularly cortisol. Like corti- 
sol, therefore, ACTH is effective in alleviat- 
ing the symptoms of a number of diseases, 
including rheumatoid arthritis, asthma, and 
allergies generally. A study of ACTH and 
of the corticosteroids has led to a general 
theory, called the stress theory, as to the 
basic nature of the sustained reactions of the 
body to stress, including particularly the 
stress imposed by disease-producing agents. 
As greater quantities of these synthesized 
hormones become available, it will probably 
be possible to evaluate their physiological ac- 
tivity more precisely. Meanwhile, because of 
their great potency and because of inade- 
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quately studied side effects, medical usage 
must be conducted with great caution and 
under rigorous supervision. 


Hormones of the Posterior Lobe. Damage | 


to the posterior lobe, or to its controlling 
center in the brain (see below), gives rise to 
diabetes insipidus, a drastic condition in 
which the kidney fails to concentrate the 
urine (p. 376). The water reabsorption of the 
nephric tubules is greatly impaired; and such 
diabetics void as much as 3 to 10 gallons of 
urine daily and must drink corresponding 
quantities of water to avoid insufferable 
thirst. Under this urine 1S 
quite devoid of sugar and Jow in salts (or, in 


condition the 


other words, insipid). 

For some years. 1t has been Known that 
crude extracts of the posterior pituitary could 
be separated into two potent fractions, called 
oxytocin and vasopressin. Oxytocin 
found to augment the rhythmic contractions 
of the uterus and hence proved useful in 


WaS 


some obstetrical cases. Vasopressin, on the 
other hand, produced a marked rise in blood 
pressure—by constricting the smaller artert- 
oles throughout the body. Moreover, vaso- 
pressin was found to be very effective in re- 
lieving the symptoms of diabetes insipidus. 

No purified posterior pittutary hormones 


were isolated, however, until 1954. Then 
Vincent du Vigneaud and co-workers at 
Cornel] University Medica] College  suc- 


ceeded not only in obtaining pure prepara- 
tions of oxytocin and vasopressin, but also 
in artificially synthesizing both compounds. 
Both compounds proved to be relatively sim- 
ple polypeptides, with eight amino acids rep- 
resented in the chainlike molecules, although 
the amino acids are slightly different in each 
case. The action of pure oxytocin and vaso- 
pressin 1s essentially similar to that of the ex- 
tracts of the same name. However, the pure 
compounds display ua much greater potency. 
Extremely small doses of oxytocin, injected 
intravenously, produce strong contractions of 
the uterine wall. Hence oxytocin 1s proving 
to be useful in initiating childbirth when 
abnormal delays are encountered; and vaso- 


pressin has proved to be very effective in con- 
trolling diabetes insipidus. 

Another pituitary hormone, the melano- 
cyte-stimniating hormone (MSH), 1s pro- 
duced by the intermediate part (Fig. 22-8) 
of the gland. This hormone helps to control 
skin color, particularly in amphibians, al- 
though the pigmentation of other verte- 
brates, including man, may also be suscepti- 
ble to its influence. MSH _ stimulates the 
melanocytes of the amphibian, causing them 
to disperse the pigment granules; and as the 
pigment extends, out imto the extensively 
ramifying branches of these cells, the skin 
color of the whole animal grows darker (p. 
444). The evidence indicates that MISH acts 
In Opposition to another hormone, mefa- 
tonin, produced by the pineal gland (see 
below). Melatonin causes the skin to become 
much lighter, because it stimulates the me- 
lanocytes to mobilize the pigment into a 
smal] area deeply hidden at the cell center 
(Fig. 24-13). Both of these hormones have re- 
cently been isolated and identified by A. B. 
Lerner and co-workers at the University of 
Oregon; and MSH was recently synthesized 
by Schwyzer and Sieber. MSH, formerly 
called mntermedin, is a terminally acetylated 
polypeptide, consisting of 13 amino acid 
units; whereas melatonin is a smaller mole- 
cule of cyclic structure. 
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Control of Pituitary Secretion. A number 
of different cell types are observed in micro- 
scopic sections of the pituitary, and presum- 
ably each type secretes one or more of the 
pituitary hormones. Each appears to be sepa- 
rately susceptible to control. 

Control of the trophic hormones of the 
pituitary represents a direct feed-back type. 


Vhe production or release of TSH and 
ACTH respectively is controlled by the levels 
of thyroxin and cortisol present in the cir- 
culation. Ii the level falls off, the production 
of the particular trophic hormone is stimu- 
lated. Then, as the level rises, production is 
inhibited. In other words, a balance, or 
homeostasis, is maintained by direct inter- 
action between the product of the target 
gland and the particular group of pituitary 
cells responsible for producing and releasing 
the particular trophic hormone of that gland. 

Control of the other pituitary products is 
more obscure. The hypothalamus—that part 
of the brain to which the pituitary is con- 
nected (Fig. 22-8)—appears to be important. 
But whether contro] 1s mediated by nerve 
impulses, by neurosecretions (see below), or 
by both, remains an open question. ‘The 
pituitary receives a small portal vein (p. 333) 
directly from the capillary bed of the hy- 
pothalamus and therefore it seems likely that 
neurosecretions are at least partially involved. 
Moreover there is good evidence to indicate 
that vasopressin and oxytocin are synthesized 
in the hypothalamus and merely accumu- 
lated and released by the posterior lobe of 
the pituitary gland. 


OTHER ENDOCRINE ACTIVITIES 


The placenta augments the hormonal out- 
put of the ovaries, and in addition, produces 
a potent gonadotrophic hormone, which 
simulates the action of the luteinizing hor- 
mone (LH) of the pituitary. During preg- 
nancy large amounts of this placental hor- 
mone are present in the urine, and this fact 
forms the basis for a widely used pregnancy 
test. Pregnancy urine, injected into a mature 
but virgin rabbit, stimulates ovulation. A 
blutpunkt on the rabbit’s ovary indicates the 
ovulation, and the female urine usually shows 
a positive reaction by the end of the sixth 
week of pregnancy. 

A recently recognized hormone of the 
mammalian endocrine system 1s relaxin. Re- 
laxin acts upon the pubic symphysis by 
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loosening this ligamentous connection and 
allowing the pelvic bones to separate slightly 
during childbirth (Fig. 21-17). The hormone 
appears to be a complex polypeptide pro- 
duced partly by the ovary and uterus and 
partly by the placenta. Injections of relaxin 
extracts cause a swelling of the cartilage of 
the pubic symphysis and a softening of the 
fibrous elements. However, these changes do 
not occur unless the animal first has been 
primed by a series of estrogen treatments. 

Erythropoietin. Erythropoietin, a powerful 
stimulant to the production of erythrocytes 
by the red bone marrow, represents another 
hormone that is beginning to receive wide- 
spread recognition. This substance, appar- 
ently a glycoprotein of low molecular weight, 
has heen extracted from the plasma and 
urine of anemic animals (including man) and 
studied intensively by A. S. Gordon and co- 
workers at New York University. The stimu- 
lus for the production of erythropoietin, 
probably by the kidney, is any form of oxygen 
cdleficiency—imposed by high altitude, exces- 
sive loss of blood, or other condition of 
anemia. Extra red cell production at high 
altitude or after hemorrhage has been ob- 
served for many years, but the basic mech- 
anism for the response remained obscure 
prior to these recent studies. 

The Pineal Body. The pineal body (Fig. 
22-1) arises us an outgrowth from the roof of 
the forebrain, although later the pineal be- 
comes flanked by overgrowth of the cere- 
bral hemispheres. In the ancient reptiles, the 
pineal was associated with the development 
of a median sense organ, situated on the rool 
of the skull, but in modern vertebrates the 
pineal body has until recently been regarded 
as a vestigial structure. Now, however, it 1s 
known that the pineal produces at least one 
hormone, namely, melatonin. 

The work of Lerner, referred to previously 
(p. 412), definitely establishes melatonin, the 
melanocyte piginent-concentrating factor, as 
an important neurohormone, at least among 
fish, reptiles, and amphibians. Moreover, re- 
cent studies, utilizing the isolated product, 


414 - Multicellular Animals, Especially Man 


indicate that melatonin may also be impor- 
taunt in determining pigmentation processes 
IM mammals, including man. 

For many years it was believed that the 
thymus gland might be an endocrine organ 
but recent stucies indicate that this is not 
the case (p. 335). 

Neurosecretion.® Nerve cells release hor- 
monehke compounds at the distal extremities 
ol their axons, and these potent excitatory 
substances play a key role in the transmission 
of nerve impulses across the synaptic gaps of 
the nervous system (p. 453). Acetylcholine, 
the excitatory agent of the parasympathetic 
nervous system (p. 465), and noradrenalin, 
of the sympathetic system (p. 467), are excel- 
lent examples ol neurosecretions. A more cle- 
tailed consideration of these important com- 
pounds will be undertaken later, in connec- 
tion with a ciscusston of the nervous system 
(Chap. 25). 

Speaialized nerve cells and glandular de- 
rivatives of nerve tissues are known to pro- 
duce neurohormones. The hypothalamus and 
the posterior lobe of the pituitary gland 
(which is an embryonic outgrowth from the 
brain) provide good examples, as does the 
pineal gland (see above). Among insects, one 
finds a group ol specialized neurosecretory 
cells in the brain (cerebral ganglia). These 
cells transmit excitatory substances to asso- 
ciated glands (the corpora cardiaca), and 
jointly these structures exert an important 
influence upon development and metamor- 
pliosis: (pp. 415). 

There are some cases in which the hormonal] 
product appears to be synthesized in the 
centron ol the nerve cell and then to be con- 
ducted along the axon toward the tip. It is 
interesting to note, therefore, that a wavelike 
sort of “peristaltic llow’’ has been observed 

S$ The line of distinction between ao nmenrohiunior 
and a neurehoruone is not very sharp. However, gen- 
erally the term neurchumor (for example, acety]- 
choline) is used to designate a neurosecretion that 
has a restricted local action upon certain synaptic 
membranes, whereas a neurohormone (for example, 
noradrenalin) in addition to such local action can, 


as a result of being carried in the blood stream, exert 
widespread effects throughout the body. 


in the axon fibers of many hving nerves—as 
is shown in the beautiful time-lapse cine- 
matic records of Paul Weiss at the Rocke- 
feller Institute in New York and of Cecil 
Taylor at New York University. 

Hormones of Invertebrate Animals. Stud- 
ies on the endocrine systems of insects, pio- 
neered by V. B. Wigglesworth in England and 
Carrol] M. Williams in the United States, 
have shown that the complex cycle of devel- 
opment in these animals is definitely con- 
trolled by hormones. Some work has also 
been done on other arthropods, but generally 
speaking invertebrate endocrinology has not 
yet received an adequate share of attention. 

Differences are found in the endocrine sys- 
tems of various insects, especially when there 
are differences in the life cycles. Many in- 
sects, such as moths and butterflies, undergo 
complete metamorphosis, in which case dis- 
tinct larval, pupal, and adult stages can be 
recognized (Fig. 22-9). But others, such as 
bugs and grasshoppers, display incomplete 
metamorphosis. In this case, the larval, or 
rather the nymphal stages, gradually merge 
from molt to molt until finally, at the last 
niolt, a winged adult emerges. Only one of 
the insect systems will be discussed, however. 
This deals mainly with the lite cycle of the 
Cecropia moth (Fig. 22-10), which exemph- 
fies the complete type of metamorphosis. 

An pnportant component in insect sys- 
tems is the juvenile hormone. The juvenile 
hormone is produced by a small pair of 
glands, the corpora allata, which he in the 
head, behind the cerebral ganglion, or brain 
(Fig. 22-11). The juvenile hormone inhibits 
development in the tissues, while other hor- 
mones (see below) continue to induce molt- 
ing. The larva grows and molts through 
several stages and pupation is not initiated. 
Buc if the corpora allata are removed pre- 
maturely, pupation and metamorphosis soon 
begin. In some insects (e.g., silkworms) this 
results mm the lormation of a very small, 
though perfectly formed adult. Conversely, if 
extra glands are implanted, pupation is de- 
layed until the larva has grown enormously, 
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Fig. 22-9. 


Stoges in life history of a Cecropia math. See Figures 22-10 ond 22-11, 


and consult text (p. 414) in reference to the hormones thot control these develap- 


ments. 


so that finally a giant pupa and adult may be 
produced. In the normal course of events, the 
corpora allata temporarily become inactive, 
soon after the last larval molt, whereupon a 
normal sized pupa and adult comes into 
being. 

In the pupa the complex reactions of meta- 
morphosis are sustained by another impor- 
tant hormone, the growth and differentiation 
hormone (GDH). Recently this hormone has 


been isolated in pure form from silkworms 
by two German workers, Karlson and Buten- 
andt, although they have named it ecdysone, 
since it also induces molting. GDH is pro- 
duced by a pair of star-shaped masses of 
glandular tissue, the prothoracic glands, 
which lie in the anterior part of the thorax. 
The prothoracic glands lie dormant until 
they become activated by a trophic hor- 
mone. This brain hormone is produced by a 
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Fig. 22-10. A, the thoracic part of the pupa, cut away from the head and abdomen, 
remains olive for several months, but does not undergo metamorphosis. This part contains 
the prothoracic glonds, which produce a ‘metamorphosis hormone,’’ but the glands 
remain inactive unless stimulated by onother hormone secreted by the “brain” (cerebral 
ganglia) of the insect. B, similar thoracic port into which living brain tissue has been 
implanted. This part has developed its adult characteristic. C, abdominal port of the pupa, 
isolated from the thorox and head. Th’s part does not develop, though it does remain 
alive. D, abdominal part after implantotion with both brain tissue ond prothorocic glands. 
Note the development of adult structure (compare with Figure 22-9.) (Courtesy of 
Carrall M. Williams, Harvard University, and the Scientific American.) 


Fig, 22-11. Diagram showing same of the 
endocrine glands of an insect. (After 
Badenstein.) 


specialized group of neurosecretory cells, 
situated in the brain, mainly near the cleft in 
the bilobed cerebral ganglion (Fig. 22-11). 
The nerve cell bodies then transmit the brain 
hormone, via their axons, to a pair of storage 
and distribution centers, the corpora cardiaca 
(Fig. 22-11). In some cases, the intercerebral 
gland cells of the pupa may temporarily be- 
come inactive until the pupa has experienced 
a period of dormancy (diapause) and has 
been subjected to chilling. 

Molting, or Ecdysis. This process, by which 
an insect or other arthropod sheds the exist- 
ing exoskeleton and develops a new one of 
larger size, is controlled by GDH, or ecdy- 
sone. In certain crustaceans at least, ecdy- 
sone is produced by the nervous system 
(cerebral ganglion), but is stored in and 
liberated from the sinus gland, a small mass 
of tissue embedded in the eyestalk. The evi- 
dence almost conclusively indicates, more- 
over, that ecdysone and the growth and 
differentiation hormone (GDH) are identical 
compounds, 


CELLULAR ENDOCRINOLOGY 


An ultimate goal, of course, is to under- 
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stand how hormones act basically; that is, 
how they act on the cellular and subcellular 
level. In other words, one would like to know 
precisely how a particular hormone may 
change the metabolism or other cellular 
mechanism in the target organ and how these 
changes may be related to the over-all effects 
upon the body. ‘This type of research, called 
cellular endocrinology, now constitutes a very 
active field in which important progress 
seems imminent. 

In the case of insulin, for example, the re- 
cent evidence indicates that the hormone has 
an important effect upon cell permeability. 
Glucose cannot be metabolized properly in 
the absence of insulin because the sugar does 
not enter many of the tissue cells. But still we 
do not know precisely how insulin modifies 
the molecular structure of the cell mem- 
brane. And in the case of thyroxin, the re- 
cent evidence suggests that this hormone 
changes the structure of the mitochondria, 
enhancing their oxidative activity. But again 
we must ask: How and why? The outlook for 
further progress is excellent, however. Most 
of the hormones are now available in pure 
form and many new techniques of study are 
being developed. 


TEST QUESTIONS 


]. Slow and enduring coordinations tend to be 
under hormonal rather than under nervous 
control. Explain this statement exemplifying 
the discussion by comparing the flow of saliva 
with the flow of pancreatic juice. 


2. Make a labeled! diagram to show the place- 
ment of the various endocrine glands in man. 
Which of the glands are purely endocrine 
in function? 

3. Carefully explain how deficiency, replace- 


418 - Multicellular Animals, Especiolly Man 


~J 


ment, and overdosage experiments have been 
used in obtarning evidence that the tcstis is 
an endocrine gland. 

Explain two types of evidence that indi- 
Cite thac itis the antersithial tissue and snot 
the seminiferous tubules of the testis that 
produces the testicular hormone. 

The secondary scxual (catures, which ditter 
entiate males from females, are related to 
ditlerences in the scx loormones. Explain this 
statement mn specific terms. 

Differentiate between cstrogen and progcs- 
terone on the basis ol: (a) site of production; 
(bychemueal strictine(.) relitis e abundance 
during the menstrual cycle: (d) effects upon 
the uterine mucosa and mammary glands: 
(cy general functions. 

Carefully explain the relationship between 
the corpus luteum and (a) implantation: (b) 
retention ol the {cts it teres .(C) parr 
tion (delivery-ot the tetis).- (ly) lactation. 
Carclully discuss the thyroid hornione with 
special reference to: (a) its chemical compo- 
sition; (b) dietary requirements for synthe- 
sis; (C) abnormalities of metabolism: (d) ab- 
normalides of development. 

Briefly discuss the parathyvroids, adreniuls 
(cortex and medulla), islands of Langerhans. 
und the pituitury (anterior and posterior 
lobes). specifying in each cause: (ay the hor- 
monhal product or products (if Kuown): (b) 
the general functions of each hormone; (c) 
effects ol hypo- and hyperactivity of each 
gland. 


FURTHER 


The Hormones in Human Reproduction, by 
Ceoree WV. ‘Cormer:: Prmceton, 1927. 

i drei ical Dads Of srerionaiity, by C.K. 
StockireINGw ork. IOs. 

General Endocrinoetoey, by GC. D. ‘Turner; 
Philadelphia, 1960. 

Ter itispiliGrion, Ole Cae ~“Mestes; ‘by =a. k. 
Berthold and ~The Interalseeretion of-the 


10. 


}? 


Inspect the following hist and for each con- 
dition specify: (a) the one or more hormones 
that may be inyolyed; (b) the gland or glands 
in question; and (c) whether the glands are 
hypouctive or hyperactive: (1) cretinism: (2) 
gigantism; (3) persistent glycosuria, emucia- 
tion, and acidosis; (4) Graves’ disease: (5) low 
blood calcium, with muscular tremors; (6) 
cndemic goiter; (7) exophthalmic goiter; (8) 
myxedema; (9) fear and anger (as when a 
Git-sees a-dog): (10) drastic melismas) cia 
betesamellitus; (12) «cuabetes aisiprdus, (13) 
very high basal metabolism: (14) delayed 
growth, retarded sexual maturity, atrophy of 
the adrenals and thyroid. 

Explain why ACTH may be substituted for 
cortisone in the treatment of certain human 
diseases. 

Define the terms neurosecretion and neuro- 
hormone. Provide examples from the endo- 
crine systems of vertcbrate and invertebrate 
animals. 

What is a direct fecd-back control mech- 
anismy Explain how this and other control 
mechanisms operate to regulate secretional ac- 
tivity in the pituttary. 

Discuss the endocrine system of insects, men- 
tioning all of the following terms: (a) Juve- 
nile hormone; (b) corpora allata and cardi- 
1Gie (GC) intracereralseliud: and -(d) growth 
and differentiation hormone. 

Explain the term cellular endocrinology. 


READINGS 


ce 


Pancreas.” by Banting and Best; in Great 
Experiments in Biology, ed. by M. Gabriel and 
S. Powel: Enclewood"Gtits,. N. J, 1939: 

he tiv cme Hormone, bYsCarroll Ni owW il: 
liams: in Setrentific diverican, February 1958. 

“the “Paravtivroid: “rlannone, bv" Howard 
Rasmussen; in Screntific American, April 1901. 


JR esbonses of H wher Animals: 
The Receptors 


THE PRECISE and rapid responses of com- 
plex animals would not be possible in the 
absence of a highly developed nervous sys- 
tem; the nerve cells of the body are con- 
stantly engaged in relaying excitations from 
the sense organs and other receptors to the 
muscles and other effectors of the body. First 
to be considered, therefore, are the sense or- 
gans and other receptors, which initiate most 
excitations. 


THE SENSE ORGANS AND OTHER 
RECEPTORS 


In man, the skin alone houses five distinct 
kinds of receptors—for touch, pressure, pain, 
warmth, and coldness; and in the head, there 
are the special sense organs of sight, hearing, 
taste, smell, and balance. Moreover, the mus- 
cles throughout the body are equipped with 
receptors of pressure, tension, and pain, and 
there are still other kinds of receptors, which 
will be mentioned lfater. 

Cutaneous Receptors. Under the micro- 


scope a section of skin displays well-defined 
receptors for touch, pressure, coldness, and 
warmth (Fig. 23-1A,B), as well as many free 
nerve endings, which are susceptible to 
direct stimulation by various pain-inflicting 
agencies (Fig. 23-2). These cutaneous re- 
ceptors can also be located by testing the 
sensitivity of the skin point by point, on the 
arm for example. A stiff bristle 1s used to 
demonstrate the tactile receptors, and a 
sharp needle wil] show the pain receptors; 
but a blunt metal stylus is required for the 
pressure and temperature receptors. The 
stylus is kept at body temperature in demon- 
strating the pressure corpuscles, but the stylus 
must be chilled or warmed in finding the 
points that are sensitive to cold and heat. 
Thus it is possible to plot a given area of 
skin, marking the exact localization of each 
kind of receptor; and such a plot shows a 
separate locus for each different receptor 
unit. 

Reception of a stimulus involves the ex- 
citation of specialized cells in the sense organ, 
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Fig. 23-1. Some types of mechano- 
ae, receptors of vertebrates. A, tactile cor- 
“ingen 2 ty BG = I 

Meee a ia puscle (touch receptor) from the skin. 
q B, Pocinian corpuscle (pressure recep- 
tor), found in deeper layers of the skin 
ee n and in many internal organs. C, Golgi 
— A 
~~ . er eee organ (proprioceptor) on a tendon. D 
= a= = = 4 2 =e =} == 23S g p P p ; ? 
oa FE = SSS Ss See a muscle spindle (proprioceptor) in skele- 
SS =} === ——— = ae 
Bee =e I pe pp pe tal muscle. n, afferent nerve fibers; c, 
oe — oa = ~~; = lg = ‘ == == E . 
D @ se. 2222 PO an Oe = connective tissue capsules; t, tendon; 
=== Se Se m, muscle fibers. 


EPITHELIUM 






— NERVE ENDING 


PAIN RECEPTORS 


Fig. 23-2 
minal branches of the afferent nerve fiber end freely 


Free nerve ending in epithelium. The ter- 


among the epithelial cells. 


as is shown in the case of a tactile corpuscle 
(Pig 3 201A); Suchonece pio cells are -usti.tlls: 
separate from the sensory nerve cells, which 
conduct the excitations to the central parts 
OL ine, NCrvous system: buts some: cases — 
for example, the pain receptors—the sensory 
nerve: cellsomct: as: conductors as; well: as te- 
Ceplors (io 0-2): 

The receptors of touch and temperature 
are restricted mainly to the superficial parts 
OL the body, especially: an the skin, aid! oti 
the lips and cornea; but pressure and pain 
receptors are also found in many deep-lying 
parts. 

Receptors of Taste and Smell. Each ani- 
mal discovers and recognizes its food by 
means of chemoreceptors, which are ex- 
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tremely sensitive to chemical stimulation. 
The taste buds of the oral cavity (Fig. 23-3) 
and the olfactory receptors of the nasal pas- 
sages (Fig. 23-4) are representative of chemo- 
receptors generally, and these structures were 
discussed previously (Chap. 16). 
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TASTE BUD 
Fig. 23-3. A taste bud from the tongue. 

Receptors of Light, Especially the Eye. 
Light-receptive cells always contain one or 
more photosensitive substances, which un- 
dergo chemical reaction when energized by 
the absorption of the proper kind of hght; 
and most photochemical substances are 
highly selective as to the wavelength of the 
light absorbed. 

The simplest photoreceptors are the red- 
pigmented “eyespots’” of many flagellates and 
unicellular algae (p. 167). Eyespots are sensi- 
tive to changes in the quality, intensity, and 
direction of light, but are not capable of 
recording images of the form and pattern of 
surrounding objects. A true eye, in contrast, 
is a complex organ, which possesses a multi- 


cellular photosensory surface, together with 
a focusing mechanism, which projects a well- 
clefined image upon the surface. 

Invertebrate animals have developed quite 
a variety of eyes, among which the simple 
and compound eyes of insects and other 
Arthropoda are most frequently encountered. 
Fssentially the simple eye of an insect con- 
sists of a very small lens that focuses upon a 
group of light-sensitive nerve endings. The 
lens is anchored in a fixed position and can- 
not vary as to curvature. Consequently simple 
eyes possess no focusing capacity, and they 
do not form very clear images. The com- 
pound eye of the arthropod is more uselul. 
The compound eye, being an aggregate of 
many simple eyes, constructs a mosaic of the 
hght and dark regions of the surrounding 
locale, and is quite effective in detecting 
moving objects in the environment. A few 
invertebrates, such as the squid and octopus, 
possess eyes that can vary the focus for near 
and distant objects, and these eyes form fairly 
accurate images of the surroundings. 

‘The eye of man and other mammals is in 
many ways like a modern camera, equipped 
with color film. The human eye (Fig. 23-5) 
possesses a high-speed lens with an accurately 
variable focusing capacity; an efficient dia- 
phragm, called the iris, which controls the 
diameter of the pupillary opening; and a 
color-sensitive retina (Fig. 23-5). The eye is 
sturdily built, being protected at the sicles 
and back by the tough opague sclerotic coat, 
and in front by the strong transparent cor- 
nea. The black-pigmented choroid coat, 
which intervenes between the retina and the 
sclera, functions like the black paint on the 
inner walls of a camera. The choroid coat 
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Fig. 23-5. 


makes the eyeball more opaque and prevents 
a scattermeg of hght not absorbed by the 
rena nid: lastly fee 1TOLtion Ole cy e- 
ball within its bony socket is effected by six 
small muscles, which permit the vision to be 
directed according to the situation (see Fig. 
25-9). 

‘The lens of the eye accommodates for near 
and distant vision by changes of curvature; 
and these curvature changes are controlled 
partly by the elasticity of the lens itself, and 
partly by the action of the cihary muscle 
(Fig. 23-5). This circular band of muscle 
surrounds the margins of the lens, exerting 
a tension on the lens by means of the sus- 
pensory ligament (Fig. 23-5). .\ccommoda- 
tion for near vision results when the ciliary 
muscle contracts, reducing the tension on 
the suspensory ligament and Jens. When it 
is released of tension, the elastic lens assumes 
its unstrained form, which is quite thick 
and nearly spherical. For distant vision, 
on the other hand, the ringlike ciliary muscle 
relaxes, increasing its cireumlecrence. This 
restores the strain upon the suspensory liga- 
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Section of the human eye. 


ment and forees the lens to become flatter and 
broader. 

The welractive power of the Jens. which 
effects a precise focusing of the image on the 
retina, is augmented bv the curvature of the 
cornea. The space m lront of the lens con- 
tains a relatively nonviscous fluid, the aque- 
ous humor; whereas the region behind the 
lens is filled with a viscous hquid, the vitreous 
humor. 

The retina, or true photosensory surface of 
the eye, is composed mainly of a prodigious 
number or Specialized recepir. cells, called 
the rods and cones (Fig. 23-6). In each human 
reaana there are more than 100 million rods 
and about 6 million cones. The cones are 
more numerous in the central aréa of the 
retina; they are concerned with ordinary 
“bright-light vision,” in which colors and 
sharp outlines are clearly appreciated. Vision 
Is most acute in aw sivall depressed area, thie 
fovea centralis, where rods are not present 
antl! the concentration of cones 18: At a miaXxi- 
mum (Fig. 23-6). 

The rods are most numerous in the periph- 
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Fig. 23-6. Photareceptors and assaciated nerve cells 
in the retina of the human eye. 


eral areas of the retina, and they are em- 
ployed mainly in “twilight vision.” The rods 
are activated by relatively weak light, but 
they are not capable of distinguishing colors 
and sharp outlines—-which accounts for the 
grayness and haziness of vision when the light 
is dim. 

The Chemistry of Visual Excitation. Black- 
white, or rod vision, is somewhat different 
from color, or cone vision. Moreover, we have 
a better understanding of the chemistry of 
rod excitation, owing to the early (1925-1945) 
studies of Selig Hecht at Columbia Uni- 
versity and a great many more recent investi- 
gations, ploneered most actively, perhaps, by 
George Wald at Harvard University. 

The rods of a dark-adapted eye are almost 


unbelievably sensitive to light. Excitations, 
detected in the optic nerve, have been elicited 
by exceedingly brief flashes, enduring for 
only one microsecond (.000001 second). In 
fact, one or more of the rod cells may be ex- 
cited by less than 10 quanta of light energy. 

The light-absorbing agency of the rods has 
been identified as rhodopsin; prior to its 
chemical identification, 1t was called visual 
purple. Rhodopsin is a conjugated protein, 
formed by union between a pigment, re- 
tinene, and a protein, opsin. Essentially, light 
absorption by retinene and the consequent 
alteration in the molecular structure of 
retinene triggers excitation. Retinene is an 
aldehyde compound derived by action of a 
dehydrogenase upon vitamin A. This ac- 
counts, of course, for the well-known defi- 
ciency effect of vitamin A, namely night- 
blindness (p. 350). 

The absorption of light alters the intra- 
molecular structure of retinene. Retinene is 
changed from one stereoisomeric form (the 
cis-configuration) to another (the trans-con- 
figuration).! Trans-retinene, apparently, is the 
actual excitatory substance. Its presence in 
the rod cell leads to the generation of a vol- 
ley of excitations in the axon of the rod 
(Fig. 23-6), and these excitations are trans- 
mitted to the serially arranged neurons of 
the system. The excitation does not persist, 
however. The trans-retinene-opsin complex, 
which has been called Jumirhodopsin, is un- 
stable. Soon ftrans-retinene breaks (by hy- 
drolysis) off from the protein. Subsequently, 
a re-formation of active rhodopsin, available 
for further excitations, requires the expendi- 
ture of metabolic energy—to reverse the iso- 


1 Cis-trans changes in form depend upon the pres- 
ence of a double bond between two carhon atoms in 
a molecule and upon a nonidentity between the two 
atoms or radicals that are in direct connection with 
each of these carbon atoms. For example, we may in- 
dicate the two forms of dichlorethylene as follows: 


Cl Cl Cl H 
eee Ieee 
C=C =¢C 
~ ~ a oS 
cis-dichlor- trons-dichlor- 
ethylene ethylene 
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merism of the retinene and to recombine the 
cis-lorm with opsin. 

The short persistence of excitation is 1m- 
portant, however. Excitation from a very 
short flash enduring just 1 microsecond may 
persist as long as 0.1 second. This makes it 
possible for the cye to -nierge successive 
stimuli, forming a continuous visual image, 
as in the merging of the successive frames of 
a moving picture. 

By dark adaptation, the sensitivity of the 
retina may be increased more than fifty 
thousand times. During a steady exposure to 
bright hght, a significant part of the visual 
pigment of the rods in inactive, as a result of 
the relatively fast processes of breakdown and 
the relhitmvely slow rate ov resynthesiss In: the 
dark, however, resynthesis of rhodopsin pre- 
dominates, and within somewhat less than 
an hour maximum sensitivity is achieved. 

Color vision, which ts instrumented by the 
cones, 1s relutively more compiex and _ less 
completely understood. Psychological anal- 
yses andicate that there are -thice kinds of 
cones. These are sensitive particularly to 
blue, green, and red hight respectively, with 
intermediate colors appreciated by virtue of 
stimulation of two or more kinds simultane- 
ously. The light-absorbing component like- 
wise appears to be one or more retinene-pro- 
tein complexes; but the opsin part of the 
molecules is not the same as in rhodopsin. 
Consequently the photosensitive pigment of 
the cones is called iodopsin. Whether there 
are different kinds of todopsin, correspond- 
ing to the different kinds of cones, cannot be 
decided on the basis of present information. 
The different varieties of color blindness, ap- 
parently. result from an absence of one or 
another of the cones, and this, in turn, is de- 
termined by a deficiency or abnormality im 
one or more sex-linked genes (p. 498). 

The Blind Spot. Impulses from the rods and 
cones are conveyed from the retina by two 
relays of sensory nerve cells (Fig. 23-6). The 
fibers of the second relay converge to form 
the optic nerve, which passes out from the 
eyeball at a point quite near the fovea cen- 


STATOLYTH 


tralis. Owing to a crowding of the nerve 
fibers at this point, rods and cones are en- 
tirely absent, and this small area of the retina 
is called the blind spot, because images fall- 
ing upon it are not perceived (Fig. 23-5). 

Receptors of Equilibrium. Typically the 
equilibrium organ of invertebrate animals ts 
a hollow capsule, called the statocyst (Fig. 
23-7). The statocyst is lied by hair-bearing 
receptor cells, and contains one or more 
grains of sand or other solid statoliths. The 
statoliths are free to fall in any direction, 
depending upon the position of the animal. 
Thus as an animal changes its position the 
statoliths fall upon and stimulate the differ- 
ent hair cells, inittating the movements by 
which the animal “rights rtself.” 
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Statocyst of a mollusk (Pterotraches). (After 


Fig:-23-2. 
Claus.) 


The lobster and other Crustacea have sand 
grains as statoliths, and new sand is taken 
mto the statocyst from the environment each 
tume the animal molts. Thus it 1s possible to 
introduce iron fillings instead of sand into 
the lobster’s statocyst—in which case the ani- 
mal will swim upside down, or rn any other 
position, 1f a magnet is used to counteract 
the force of gravity. 

The organ of equilibrium in lower verte- 
brates 1s a complex structure called the 
labyrinth. This labyrinth consists of three 
curry cecl: tubes. and 
the saccule and the 
5). The whole system is filled 


the semicircular canals, 
two small chambers, 


Lee S 


utricle (Fig. a 
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Fig. 23-8. Structure of the humon ear. The shaded portions with heavy outlines 


represent bone; the lighter lines represent membranous structures. 


with fluid and lined with hair cells. The sac- 
cule and utricle appear to function more or 
less like statocysts, but the semicircular canals 
are concerned with the perception of rota- 
tional movement, not of position. The difter- 
ent semicircular canals lie in different planes, 
each at right angles to the others, and when 
the body starts to move in a given direction, 
inertia displaces the fluicl in some one of the 
canals, exciting some local group of the hair- 
bearing receptor cells. If the movement stops, 
the momentum of the fluid displaces the 
fluid in an opposite direction, which excites 
some other group of hair cells. 

In fish and other lower Vertebrata, the 
labyrinth is mainly an organ of equilibrium; 
but in land vertebrates part of the labyrinth 
develops into the cochlea, the essential organ 
of hearing (Fig. 23-8). ‘he cochlea contains 
a large number of hair-bearing sensory cells 
(Fig. 23-9), which are stimulated by sound 
vibrations, transmitted from the external air, 
through the tympanic cavity, to the fluid in 
the cochlea. Perception of the pitch and 
quality of sounds depends on the fact that 
the different hair cells of the cochlea are 
stimulated by vibrations of different fre- 


quencies. Probably insects are the only other 
animals that possess specialized organs of 
hearing, but the ears of insects vary widely 
as to structure and position in the different 
species. 

Proprioceptors. The perception of move- 
ment and position of the body as a whole 
is localized in the labyrinth, but each sepa- 
rate muscle and tendon ts equipped with re- 
ceptors, called proprioceptors, which play an 
essential role in coordinating the complex 
movements of the individual body parts. The 
proprioceptors of the muscles (Fig. 23-1D) 
and tendons (Fig. 23-1C) are sensitive to the 
changes of tension, and when a muscle 1s 
brought into play, its proprioceptors continue 
to discharge a series of excitations along the 
sensory fibers of its nerve supply. Thus each 
gradation of tension serves to condition the 
further activity of the muscle and bring it 
into synchrony with the activities of other 
muscles. Without the proprioceptors, skilled 
movements would not be possible; and be- 
cause of the efhciency of the proprioceptors 
it is possible to perform skilled movements 
without the guidance of the eye—as, for ex- 
ample, the tying of a knot behind one’s back. 
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Visceral Receptors. The  interoceptors, 


which are localized in the mternal organs, 
play an important role in governing the ac- 
tivities of the viscera. However, the intero- 
ceptors of the body are not so well defined as 
are the various exteroceptors, which have 
been discussed. he sense of thirst appears 
to origmate in the throat, although the thirst 
receptors have not been identified definitely. 
Ardearth ot water 11 the-digestive tract, and 
in the body tissues generally, seems to act as 
a stimulating agency that prompts the ani- 
mal to seek and drink the necessary quanti- 
ties of water. 

Hunger sensations originate in the wall of 
the stomach. The empty stomach is swept by 
a series of rhythmic muscular contractions, 
and these hunger contractions exert a me- 
chanical action upon the pressure receptors 
in the gastric wall. Likewise the urge to 
defecate and to urimate take origin from 
mechanoreceptors 1n the walls of the rectum 
and bladder respectively, as a result of ten- 
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es im | Fig. 23-9. Section through part 

re of the cochlea. The hair cells 
are the essential receptors of 
sound vibrations. 


sion that develops when these hollow organs 
become distended by then contents. 

Nerve impulses [rom the interoceptors sel- 
dom cross the threshold olf consciousness, be- 
cause such impulses are not usually transmit- 
ted. to, Une higher centers of the. brain (p. 
10+). Nevertheless the viscera] receptors are 
most waportant, especially the receptors in 
the walls of the blood vessels and heart, 
Which initiate reflexes controlling the blood 
pressure and pulse rate. Moreover, the re- 
ceptors in the walls of the hings play a vers 
important role in controlling the amplitude 
of the breathing movements (p. 367). 


PERCEPTION OF SENSATIONS 


The sense organs merely discharge excita- 
tions into the nervous system, and the recep- 
tor cells are not directly responsible tor any 
sensation that may be experienced by the 
stuniulated individual, What sensation, if 
any, may result depends not upon the activity 
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of the receptors, but solely upon how the 
excitations are routed through the nervous 
system. Only such excitations as are trans- 
mitted to the cerebral cortex of the brain 
succeed in generating any conscious percep- 
tions; this phase of responsiveness will be 
considered in Chapter 25. 

Indirectly, however, the sense organs do 
determine the quality of sensations, because 
each sense organ is connected to a specific 
part ol the nervous system by a specific set 
of sensory nerve fibers. The rods and cones, 
for example, generate sensations of light 
rather than of sound, because the rods and 
cones relay their excitations to the visital 
area of the brain via the optic nerves rather 
than to the auditory area via the auditory 
nerves. ‘The nerve fibers and their connec- 
tions, therefore, determine directly the qual- 
ity ol the sensation, and the stimulation of a 
certain group of nerve fibers gives rise to the 
certain kind of sensation; this is true even if 
these nerve fibers are stimulated artificially 
by electrical excitation, rather than naturally 
by impulses from one of the sense organs. 

Likewise the localization of sensations is a 
function of the brain; but again the position 
of the stimulated receptors is an important 
determining factor. Some sensations, such as 
pain, are referred to a part of the body it- 
self; but others, such as the warmth of a 
stove, are referred to the external environ- 
ment. In either case, however, the location 
of the stimulated receptors is very important 
in determining where the sensation is local- 
ized by the mind. A cold floor stimulates the 
thermoreceptors of the soles of the feet, and 
consequently the coolness is judged to come 
from the floor; or if one burns oneself, the 
pain is referred to the injured organ, where 
the stimulated pain receptors are localized. 
In the case of pain originating in some of the 
internal organs, however, the mind is not 
very accurate in its judgments; quite fre- 
quently internal pain is referred to some 
specific external part of the body. 

Judgments as to the intensity of a sensa- 
tion are conditioned largely by the behavior 


of the stimulated sense organ. Ordinarily 
when a receptor is stimulated, it discharges 
not one, but a volley of excitations into the 
sensory nerves. The stronger the stimulus, 
the more prolonged is the volley from the 
receptor; but still more important, the fre- 
quency of excitations is greater if the stimu- 
lus is stronger. ‘Thus a very dim light may 
stimulate the photoreceptors of the eye to 
discharge excitations at the slow rate of about 
10 per second, as compared to more than 200 
per second when the light is bright. Further- 
more, stronger stimuli usually succeed in 
stimulating a greater number ol receptor cells 
in the sense organ, and thus a greater num- 
ber of sensory nerve fibers will carry excita- 
tion volleys toward the brain. All in all, 
therefore, the brain is influenced by several 
factors in mediating responses to stimuli of 
different intensities. With stronger stimuli, 
greater numbers of nerve cells become in- 
volved in spreading the excitation volleys, 
and the stronger the stimulus, the greater fs 
the duration and frequency in the individual 
volleys. 


BASIC MECHANISMS OF RECEPTION AND 
TRANSMISSION 


A receptor becomes excited by a stimulus 
and it relays the excitation to one or more 
nerve cells. Basically these processes appear 
to involve: (1) a conversion, or transduction, 
of energy derived from the stimulus to elec- 
trical energy and (2) a utilization of the 
electrical energy for triggering excitations in 
associated neurons. These processes are ex- 
tremely difficult to analyze. However, some 
progress in this direction has recently been 
made, under the leadership of H. K. Hart- 
line, of Johns Hopkins University, Bernhard 
Katz, of University College, London, Donald 
Kennedy, of Stanford University, and a num- 
ber of other workers. Exceedingly fine glass 
capillary ultramicroelectrodes, with tip di- 
ameters of less than half a micron, have been 
devised. These can be inserted without ap- 
parent injury into the cytoplasm of a sensory 
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cell or associated neuron, small though these 
may be (Fig. 23-10). Such techniques have 
permitted investigators to detect and localize 
small changes in the membrane potentials of 
various sensory-neural couplets and to ana- 
lyze the functional significance of these 
changes. 
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Fig. 23-10. Unicellular ‘stretch receptor’’ of a crusta- 
ceon muscle. One microelectrode (IE) is placed in the 
cytoplasm of the body of the receptor cell while the 
other electrode (EE) is moved from place to place 
along the axon. Each time the muscle fiber is subjected 
to a sudden stretch, ao generator potential originates 
in the dendrites and cell body, followed by a volley 
of action potentials (nerve impulses) originating in the 
(From Edwards ond Ottoson; modified, dia- 
grammatic.) 


GXONn. 


Whether a stimulus is chemical or me- 
chanical, reception and transduction appear 
to involve a change in the resting potential 
(p NST) of the receptor cell. Kiisseives: rise 
to what is called a generator potential (Fig. 
23-10). The generator potential differs from 
an action potential. It is more sustained and 
it is seldom propagated for any great dls- 
tance. Moreover, it suffers diminution, or 
decrement, during propagation. Essentially 
the generator potential appears to represent 
a partial depolarization (p. 191) of the mem- 
brane of the receptor cell, resulting from an 


increase in the permeability to ions. For 
mechanoreceptor cells, the increase in per- 
meability results from a deformation of the 
membrane—by stretch, pressure, etc.—where- 
as for chemoreceptors, a chemical product, 
or excitatory substance, appears to be in- 
volved. Indeed, even in the case of mechano- 
receptors it cannot be said with certainty that 
no excitatory substance is mvolved in the 
depolarization process. 

The generator potential of a receptor cell, 
as the name implies, serves to trigger the 
firing of not one but a volley ol action po- 
tentials, and these are conducted with great 
speed and without decrement away from the 
site ol origin, If the receptor cell itsell pos- 
sesses an uxon, the site of the triggering ac- 
tion of the generator potential appears to 
be near the point where the axon originates 
trom the cell body (Fig. 23-10). Such sense 
cells, accordingly, display two plainly dhfker- 
entiated parts. One consists of the cell body 
and dendrites, if present, for receiving the 
stimulus and developing a generator poten- 
tial. “he .other-an.1x0n. serves toenre and 
conduct nerve impulses (p. 447). When no 
axon is present, the trigger point seems to be 
the synapse (p. 453), that is, the junction be- 
tween the sense cell and the associated nerve 
cell (Fig. 23-3). In any event, it is important 
to realize that the frequency of firing in each 
volley is determined by the intensity of the 
generator potential, which keeps rising as 
the strength of the stimulus is increased (Fig. 
2o-Ldy, 

The essential excitatory agency in virtually 
all types of receptors: apjears. to: be either 
mechanical or chemical. Plainly the touch 
and pressure receptors are excited by me- 
chanical deformations transmitted through 
the surrounding capsules (Fig. 23-1); and it 
is almost equally obvious that the hair cells 
of the hearing and equilibrium organs are 
excited mechanically, by disturbances in the 
labyrinthine fluids (Fig. 23-8). The proprio- 
ceptors are also excited by the strains of 
stretch and pressure, while the muscles are 
doing their work upon the tendons. 
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Diagram of an actian potential recorded in a nerve near connection with a stretch receptar 


(muscle spindle, Fig. 23-1). The stronger the stimulus the greater is the generator potential ond the greoter 
the frequency of the spikes in the valley of action potential discharges. Presumably the generotar potentiol 
ariginates in the receptor (spindle) and is tronsmitted to the associated nerve fibers, causing them to dis- 
charge impulses. (Based on the records of Bernhard Katz, University College, Londan.) 


On the chemical side, the taste buds and 
olfactory cells respond very directly to the 
chemical action of impinging molecules; and 
probably the thermoreceptors are activated 
by chemical changes induced in the cells by 
heat and cold. The pain receptors respond 
to very strong stimuli of any kind, which in- 
dicates that excitation depends upon chemi- 
cal substances released from damaged cells. 
And finally, photochemical reactions induced 
by light impinging on the retina constitute 
the true excitatory mechanism in the rods 
and cones. 

The highly specialized sensory structures 
of complex animals all seem to have been 
evolved from the relatively simple mechani- 
cal and chemical receptors of lower organ- 
isms. The senses have great significance in 
survival, since the animal must rely upon its 


senses in the search for food and the avoid- 
ance of danger. No organism, so far as we 
know, has developed a sensitivity to mag- 
netic fields, or to radio or cosmic waves, al- 
though certain bees seem to be sensitive to 
ultraviolet and infrared light, and bats are 
able to guide their flight in total darkness 
because they possess a sensitivity to high- 
frequency vibrations that are supersonic to 
other animals. And clespite the fact that all 
cells are readily excitable by electric cur- 
rents, few, if any organisms have developed 
specialized receptors for this type of stimula- 
tion. Animals have evolved without any di- 
rect appreciation of these other forces of the 
environment, probably because such forces, 
having little relation to survival, have not 
played a significant role in natural selection 
(Chap. 28). 
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TEST QUESTIONS 


How many kinds of receptors are present in 
the skin? How is it possible to find where 
these receptors are localized in any given 
arear 
How do pain receptors differ from most 
other kinds of sensory cells? 
What is the justification for regarding the 
eye as a chemoreceptor and the ear as a 
mechanoreceptor? Explain. 
Make a labeled diagram to show all essen- 
tial structures in the human eye and state 
the function of each labeled part. 
Differentiate between each pair of terms: 
a. the blind spot and the fovea centralis 
b. rods and cones 
the cornea and the lens 
. the choroid and sclerotic coats 
the pupil and the iris 
a statocyst and a statolith 
g. the labyrinth and the cochlea 
Differentiate between black-white and color 
vision on the basis of the basic receptors and 
on the basis of the photochemical reactions 
that are involved. 
What is meant by the term cis-trans change 
of molecular configuration? 
Explain why a dark-adapted retina is so ex- 
cecdingly sensitive. 
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Smell, Taste and Allied Senses in the Verte- 
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tific American, September 1961. 
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Explain the statement that accommodation 
for near vision demands work on the part 
of one of the eye muscles. 

Explain the fact that the eyes of older indi- 
viduals suffer a loss in their capacity to ac- 
commniodate. 

Explain the tunctioning of: (a) the saccule 
and utricle: (h) the semicircular canals; (c) 
the cochlea. 

Specify two types of proprioceptors and ex- 
plain the importance of the proprioceptors 
in relation to our muscular movements. 
When a warm object is handled. what factors 
account for a person’s capacity to judge: (a) 
the degree ot “warmth, (b) the size" of “the 
warm object: (c) the relative position of the 
object? 

(a) What is a generator potentialr (b) How 
does it differ from an action potential? (c) 
What techniques have made it possible to 
measure these potentials in small unicellular 
receptors? 

Explain how the intensity of stimulation is 
related to the magnitude of the generator 
potential and to the frequency of nerve im- 
pulses tn the volley of discharges. 
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A= Responses of Higher Animals: 
The Effectors 


THE MOST important effector organs in 
higher animals are the muscles and glands. 
But some complex animals, including both 
vertebrates and invertebrates, also possess 
(1) luminous organs, which give forth light; 
(2) electric organs, which generate high- 
voltage electrical discharges; and (3) pigmen- 
tary effectors, which execute rapid changes 
in the body color of the animal. Moreover, 
practically all multicellular animals possess 
unicellular effectors, such as the amoeboid 
cells of the blood and ciliated epithelial cells; 
these were discussed in Chapter 11. 


THE SKELETAL MUSCLES 


Skeletal muscles (p. 286) execute all ex- 
ternal movements of the body and its parts. 
Typically each muscle has the form of a 
strong elongate strand that stretches from 
bone to bone of the skeleton (Fig. 24-1). 
Accordingly, when a muscle contracts, or 
shortens, it exerts a force upon some bone 
and tends to produce a movement at a joint 


where the particular bone is hinged to the 
rest of the skeleton. 

Usually the two ends of a muscle are not 
exactly alike. At the proxima! end, which is 
called the origin, there may be one or more 
tendons (Fig. 24-1), although usually the 
many individual fibers of the muscle fasten 
quite directly to the bone (see the triceps, 
Fig. 24-1). However, at the other end, which 
is called the insertion, there is almost always 
a tendon (Fig. 24-1). This tough cablelikz 
strand of connective tissue intervenes be- 
tween the muscle fibers and the bone and 
transmits the force of the contraction to the 
bone. Generally the origin maintains a rela- 
tively fixed position when the muscle con- 
tracts, and thus most of the force of contrac- 
tion goes to produce a movement of the bone 
to which the insertion is attached (Fig. 24-1). 

At least two muscles, acting antagonisti- 
cally, control the movement at any particular 
jomt. In the knee, for example, one set of 
muscles, called the flexors, acts to bend the 
knee; whereas the extensors are used to un- 
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bend, or straighten, the joint. If movement 
is to occur, the extensors must relax during 
the ume that the flexors are contracting; and 
cotlversely, the flexors aust relax, am syn- 
chrony with the contracting extensors—as the 
joint undergoes bending and unbending. 

Each movement of the body depends upon 





a rectprocal action of antagonistic muscles, 
but the maintenance of posture demands that 
the antagonistic muscles contract synchyo- 
nously. While a person stands, for example, 
both the flexors and extensors of the knee 
are contracting simultaneously, locking the 
joint and converting the leg into a rigid pil- 
lar to support the weight of the body. More- 
over an pnportant function of a set of mus- 
cles is to arrest the movements of the an- 
tagonistic muscles. Thus, obviously, the con- 
tractions and reluxations of the interacting 
muscles must be coordinated by the nervous 
system, and each muscle remains inactive 
until it receives excitations from the nervous 
system. 

In an average man, the weight of the mus- 
cles constitutes more than 50 percent of the 
body weight; and the strength of the larger 
muscles is very great. The extensor muscles 
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HINGE JOINT (ELBOW) 






ORIGINS 


TRICEPS 


Fig. 24-1. Two muscles af the human arm, hav- 
ing a more or less antagonistic octian. Note that 
the biceps tends to bend (flex) the elbow, while 
the triceps straightens (extends) the joints. The 
biceps, however, has another main action, namely, 


to rotate the forearm. 
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Fig. 24-2. Superficial muscles of man, anterior as- 
pect. (Courtesy A. J. Nostrom Co.) 
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(quadriceps femoris, Fig. 24-2) of the knee, 
for example, act against an adverse lever ratio 
of more than 10:1]. Yet an average man 
weighing 150 pounds can _ straighten his 
knees, lifting not only his own body but also 
that of another man. This means that the 
right and left extensors together can exert 
force enough to lift more than 3000 pounds, 
or at least 1500 pounds apiece. 

Contraction: The Single Twitch. When a 
muscle is removed from the body, it retains 
its capacity to contract, and may survive for 
several days. Special precautions to maintain 
the temperature must be taken in the case of 
muscles Irom warm-blooded but 
“cold-blooded muscles” keep very well at 
room temperatures. Thus frog muscles are 


animals; 


studied most frequently; and usually it 1s the 
powerful gastrocnemius, or “calf muscle,” 
that is selected for experimentation. 

The apparatus shown in Figure 24-3 is de- 
stgned to make a record olf a single contrac- 
tion, or twitch, which results when a muscle 


‘ 


receives a single excitation. Mounted in a 
moist chamber to prevent drying, the muscle 
hangs by its origin from an immovable rod 
(Fig. 24-3). A cord, tied to the tendon of the 
muscle, penetrates a hole in the floor of the 
chamber, connecting the muscle to a lever. 
The marking point of this muscle lever 
makes contact with the recording paper, 
which covers the surface of a revolving drum. 
Thus each contraction lifts the lever ancl 
marks a record of the height and duration of 
the single twitch while the drum ts turning. 

Usually the muscle is stimulated by an 
electric shock, which is discharged directly 
into the muscle, as shown in the diagram; or 
the shock may be applied to the motor nerve, 
if it is still connected with the muscle. ‘The 
instant ol stimulation is recorded on the 
drum by an electrical signal marker, which 
is included in the stimulating circuit. Very 
frequently the fing of the twitch is also 
shown by a tuning fork, which makes a trac- 
ing of its vibrations (usually 100 per second) 
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Fig. 24-3. 








SIGNAL 
MAGNET 


| 


Simple mechanical method of recording the contraction of a muscle. The moist 


chamber protects the muscle from drying; the signal mognet, which is in parallel circuit with 
the stimulating electrode, records the instant of stimulation; and the lever, lifted by the con- 
tracting muscle, records the extent and duration of the contraction on the paper cover of the 


moving drum, 
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upon the recording paper; and sometimes a 
stmultaneous tracing of the action current of 
the muscle is made by means of a galvanom- 
eter, 

The duration of a single twitch in a frog’s 
muscle, at room temperature, is about 0.1 
second (Fig. 24-4). This time can be sub- 
divided by careful measurements into three 
pertods: (1) the latent period, the very brief 
(0.003 second) interval following stimulation, 
before any sign of mechanical contraction 
can be detected; (2) the contraction period, 
the somewhat longer (0.017 second) time dur- 
ing which the muscle is engaged in shorten- 
ing; and (3) the relaxation period, the long- 
est (0.05 second) period, during which the 
muscle returns to its orrginal Jength. Usually 
the action potential, which is the first indica- 
tion that the stimulus has excited the muscle, 
reaches a peak and subsides during the latent 
period. before there is any mechanical sign 
of contraction (Fig. 24-1). Also before it con- 
thictoe. at the en, end sol the lavent. period: 
the muscle displays a very slight, but defi- 
nitely measurable relaxation (called the la- 
tency relaxation), as was first shown in ]948 
by Alexander Sandow, at New York Un1- 
VETSIEy, 

Following a twitch, the muscle consumes 
oxygen and produces carbon dioxide and 





LATENT CONTRACTION RELAXATION 
PERIOD PERIOD PERIOD 
| 
’ 
* 
MOMENT OF 
STIMULATION 


HEAT PRODUCTION IN ABSENCE OF 0, 


HEAT PRODUCTION IN PRESENCE OF 0, 


heat in excess of the normal resting quanti- 
ties. This indicates that there is a recovery 
period, which restores the tisstte to its orig- 
inal state. For a single twitch, the recovery 
period endures for about one minute. If a 
muscle is stimulated repeatedly and rapidly, 
so that the successive excitations occur be- 
fore the muscle completes recovery from the 
preceding twitches, fatigue begins to appear. 
Iu this case, the twitches become feebler and 
feebler (Fig. 24-5), and the fully fatigued 
muscle will not respond to further excitavon 
unul it is allowed to rest in the presence of 
an adequate supply of oxygen. 

Contraction: The Tetanus. The duration of 
a single muscle twitch varies in different 
animals, being about 0.] second in the frog; 
0.05 second in man; and 0.003 second in cer- 
tain insects. However, most muscular move- 
ments 1n intact animals are not twitches, but 
niore prolonged contractions, called tetani. 
A prolonged contraction, or tetanus, involves 
not one, but a volley of excitations. During 
any tetanus the excitations follow each other 
so rapidly that relaxation cannot occur be- 
tween the successive contractions. Conse- 
quently the muscle remains in a contracted 
state until the volley ceases. Each separite 
excitation is, however, accompanied by its 
own clectric discharge; and a continuous 


RECOVERY 
PERIOD 


Fig. 24-4. Analysis of a mus- 
cle twitch. The dotted line 
represents the electricol re- 
sponse (change of electrical 
potential); the heavy line, the 
mechanical response (controc- 
tion and relaxation) of the 


muscle. 
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Fig. 24-5. 
excised muscle, stimulated about 30 times per minute, 
are more or less superimposed. The earlier contrac- 
tions reoch higher levels, ond the relaxations occur 
more quickly. Finally the capacity to controct is obol- 
ished completely. (From Gerard, The Body Functions. 
Permission of John Wiley ond Sons, Inc.) 


Fatigue. Many successive twitches of an 


series of action potentials can be detected in 
the muscle, so long as the tetanus continues. 

Gradation of Contractions. If a single fiber 
(Fig. 24-6) is isolated from the many that 
compose even the simallest whole muscle, 
the fiber contracts with maximal force each 
time it is excited successfully, regardless of 
whether the exciting stimulus 1s relatively 
strong or weak. This all-or-none law holds 
true for the single fiber, but it does not 
apply to the muscle as a whole. The intact 
muscle gives graded contractions according 
to the strength of the stimulus applied. 
Weaker stimuli do not arouse all the fibers 
of the muscle; and a maximal contraction, in 
the case of either a tetanus or a twitch, is ob- 
tained only when the stimulus is strong 
enough to bring all the fibers of the whole 
niuscle into play. 

Chemical Aspects of the Contractile Process. 
Even when completely deprived of oxygen, 
a muscle can perform many twitches and can 
sustain a fairly long tetanus. But without 
oxygen, fatigue sets 1n prematurely; or to 
state the matter more precisely, under aerobic 
conditions a muscle can do about four times 
more work than under anaerobic conditions. 

Chemical analysis of a totally fatigued mus- 
cle reveals a number of changes in the tissue. 
The glycogen of the tissue, which in a rested 
muscle amounts to some 3 percent by weight, 
has declined considerably, and the quantity 
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Fig. 24-6. Group of fibers of skeletal muscle. For- 
merly it was thought thot the striotions of the fibers 
were due to morkings on the myofibrils (see p. 438). 
(Courtesy of Department of Art as Applied to Medi- 
cine, Johns Hopkins Medical School.) 


of inorganic phosphate compounds has un- 
dergone considerable increase. Under anaer- 
obic conditions, there is also an accumula- 
tion of lactic acid (C;H,O3), in an amount 
equivalent to the missing glycogen. 

One reaction known to occur while a mus- 
cle is working is the breakdown of glycogen 
into lactic acid. This process of glycolysis 
does not consume oxygen, as may be seen in 
the equation at the top of the next page. 

Under aerobic conditions the muscle tissue 
oxidizes part (about 1%) of the lactic acid as 
it 1s formed, and thus the niuscle obtains 
energy whereby the other part (about 4) ol 
the lactic acid is reconverted into glycogen. 
This reconversion accounts for the fact that 
lactic acid does not accumulate while a mus- 
cle has ample oxygen; and also it explains 
why glycogen is used up four times faster 
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(CgH19O5)x 4- xH2O 
glycogen water 
0.9 g O.1g 


xCgH120¢ 
glucase 
10g 


2xCaH;O, 


lactic acid 
1.09 


than normally, when a muscle 1s deprived of 
oxygen. 

Prior to 1930, glycolysis was thought to 
supply energy directly to the contwaction 
process; but about this time several poisons 
were found that completely mzbit glycoly- 
sis without blocking the contractions of the 
muscle. In fact when a muscle is exposed to 
such glycolysis inhibitors, 1t behaves quite 
like one that is deprived of oxygen, except 
that muscles fatigue somewhat 
sooner than those that are asphyxiated. But 
the lwctathwe  nlisele cau doeennsiclerable 
work, when no glycolysis is occurring, elimi- 
nates this reaction as the primary source of 


poisoned 


energy in contraction. 

Atter 1930 it was discovered that the first 
chencal event to occur following excitation 
in muscle is the breakdown ol a series of 
organic phosphate compounds. Indeed, the 
most direct source of energy in muscle con- 
traction appears to be the hydrolysis of ATP 
(pei) ac TEACHON Chit peneratesss ome. 5 
Cal per mole ol phosphate lrberated. 

Also it is now known that glycolysis pro- 
vides the energy through which the phos- 
phate componds ol the tissue are resynthe- 
sized, subsequent to their decomposition. 
Thus a recharging of the contractile mecha- 
nism, which follows each contraction, depends 
upon glycolysis; and the oxidative reactions, 
which extend throughout the long recovery 


period, are important not only because they 
conserve the glycogen stores of the muscle, by 
fostering the resynthesis of glycogen from 
lactic acid, but also because they prevent 
lactic acid from accumulating to a toxic level. 

Two main proteins have been extracted 
from the myofibrils, namely actin and myo- 
sin. Also it is important to realize that myo- 
sin itself exerts a powerful catalytic action 
on the decomposition of adenosine triphos- 
phate. Therefore, the recent discovery that 
artificial threads prepared of actin and myo- 
sin shorten energetically when treated with 
adenosine triphosphate has aroused great 
interest. 

The fact that the restoration of the muscle 
to lull efficiency depends upon glycolysis and 
other anaerobic reactions is of 1mportance, 
especially tor athletes. Frequently our mus- 
cles are called on for tremendous work, and 
despite the acceleration of respiration and 
circulation that accompanies exertion, the 
supply of oxygen to the muiscles cannot keep 
up with the increased requirements. During 
such exertions, the muscles are being re- 
charged largely by glycolysis, and lactic acid 
accumulates because it 1s not oxidized as fast 
as it is formed. But a well-nourished muscle 
has a good reserve of glycogen, and such a 
muscle can continue to function until the 
oxygen debt becomes excessive. After a hun- 
dred-yard dash, for example, the runner con- 
tinues to breathe heavily for a nuniber ol 
minutes, and his muscles continue to utilize 
extra oxygen for almost half an hour. Dutr- 
ing this time the accumulation of lactic acid 
gradually subsides, as part is oxidized, and 
the remainder ts rebuilt into glycogen. Thus 
the net result of muscular exertion is that a 
certain quantity ol the glycogen store of the 
muscles has been consumed. The muscle may 
oxidize substrates other than lactic acid dur- 
ing the resynthesis of glycogen, in which case 
a greater proportion of the lactic acid is re- 
converted into glycogen. 

Heat Production. The maximal efficiency of 
a muscle as a machine for delivering me- 
chanical energy is about 40 percent, which 
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compares very favorably with the 10 percent 
eficiency of the best steam engine. This 
means that under optimal conditions, 60 per- 
cent of the energy expended by a muscle 
appears as heat, and 40 percent as work. 
However, the heat put forth by the muscles 
during work is not wasted, since this heat 
contributes in large measure to the mainte- 
nance of the body temperature. The body 
does not possess any specialized effectors to 
function as heat producers, but the muscles 
are thrown into a special sort of action, 
namely shivering, whenever the bocly loses 
more heat than it gains from the general 
metabolism. None of the metabolic reactions 
throughout the bedy is 100 percent efficient 
in the fulfillment of its special end, and con- 
sequently heat 1s a by-product given off by 
all the cells; ancl since muscle constitutes 
the bulk of the tissues, the heat produced by 
the muscles plays a dominant role in main- 
taining the temperature of the body. 


Fine Structure of the Contractile Mech- 
anism. The banded pattern of single fibers 
in striated (skeletal and cardiac) muscles has 
been observed for many years, but a precise 
knowledge of the nature and significance of 
this pattern remained obscure until about 
1957. Then two English workers, H. E. Hux- 
ley and A. F. Huxley,? simultaneously and 
independently, began to report their studies 
on the fine structure of muscle; their stucties 
had utilized various modern techniques, such 
as electron microscopy and x-ray diffraction 
analysis, as well as interference and phase 
microscopy. 

Previously it was thought that myofibrils 
were continuous strands of protein material 
that extended long distances along the 
length of the muscle fiber, and that a striated 
pattern resulted from alternating segments 
of denser material, regularly spaced and 
evenly aligned across the fiber (Fig. 24-6). 


1 These two Huxleys are not relatives. 





Fig. 24-7. 


Fine structure of a skeleto! muscle fiber (robbit): electronmicrograph, mognified 24,000 diameters. 
Compore this photogroph with the diagram of Figure 24-8. Be sure to identify the thick and thin filaments 
and the H-, A-, ond Z-bands (see text description, p. 438). (Courtesy of H. E. Huxley and the University 
Postgraduote Medical School, Combridge, England.) 
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Now, however, 1t is apparent that the myo- 
hbril is composed of subsidiary, exceedingly 
delicate threads, called filaments (Figs. 24-7 
and 24-8). The filaments are of two kinds: 
thick filaments, of about 100 Angstrom di- 
ameter, which appear to be composed of 
myosin, and thin filaments, about 50 Ang- 
stroms in diameter, apparently composed of 
actin. Moreover, the filaments are not very 
long. The thick filaments terminate at the 
edges of the A-band (Fig. 24-8), so that their 
total length 1s about 1.5 microns. The thin 
filaments are slightly longer (about 2 
crons). They extend from the margin of one 
H-band, through the Z-band, to the margin 
of the next successive H-band (Fig. 24-8). 
Thus the banded appearance of a striated 
myofibril results mainly from a regular pat- 
tern of overlapping in the filaments. This 


mi- 








STRETCHED MUSCLE 











RELAXED MUSCLE 


Fig. 24-8. 


produces bands of greater and lesser protein 
density at regular intervals along the length 
of the fibril. Thin filaments are lacking in 
the H-band; both thick and thin fhlaments 
are present in the darker parts of the A-band; 
and thick filaments are lacking in the I-band 
(Fig. 24-8). The precise nature of the Z-band 
is stil! unknown, although it appears to be a 
membrane that supports each of the thin fila- 
ments at the center. 

Decision as to the composition of the fila- 
ments is based mainly upon extraction ex- 
periments, although density measurements 
made by interference microscopy have yielded 
confirmatory results. Muscle fibers, subjected 
to extraction with solutions that dissolve 
myosin, yield electron microscope prepara- 
tions that are devoid of thick filaments: 
whereas fibers treated with actin-dissolving 


THICK (MYOSIN) FILAMENT 
MENT 








CONTRACTED MUSCLE 


Fine structure of a skeletal muscle fiber, after H. E. Huxley. The diagram is based an analyses of 


electronmicrographs, such as the one shown in Figure 24-7. Note that the striated appearance of muscle results 
from the regimented overlapping arrangement of the thick and thin filaments (see text, p. 437). 
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media yield preparations in which there is 
only a small residue of thin fibers. There is 
some evidence that indicates that small 
amounts of a third muscle protein, called 
tropmyosin, may be represented in the struc- 
ture of the thin fibers. 

As mentioned previously, actin and myo- 
sin, extracted [rom muscle, unite chemically, 
forming actomyosin; and threads of acto- 
myosin contract forcibly when treated with 
ATP. In the intact fibril, such an myosin- 
actin complex may be indicated by the nu- 
merous cross bridges that connect the thick 
and thin filaments (Fig. 24-8). The cross 
bridges originate from each of the thick fila- 
ments at very regular intervals (every 65 
Angstroms) along its length, and the points 
of origin of the bridges display a spiral ar- 
rangement, such that one helical turn 1s 
completed in a distance of about 400 Ang- 
stroms. This arrangement permits a_ thick 
filament to establish a connection with each 
of the six surrounding thin filaments once 
in every complete spiral turn. The thickness 
of a thick filament is just great enough to 
accommodate four chains of myosin mole- 
cules, lined up in parallel; and it is reason- 
able to assume that the bridges may represent 
side branches from the regimented myosin 
molecules. 

The precise mechanism of contraction is 
still far from clear, however. Formerly it was 
thought that shortening and lengthening, 
respectively, represented a coiling and un- 
coiling of the helical structure (p. 87) of the 
actoniyosin complex, but this view seems 
scarcely tenable in view of recent stuclies. 
When a muscle is stretched, or when it 1s 
caused to contract in moderate clegree, 
neither the thick nor the thin filaments show 
any change of length. Rather, the filaments 
slide past each other, as is shown in Figure 
24-8. Only toward the end of a very strong 
contraction is there any detectable thicken- 
ing and shortening of the filaments, and this 
appears to be confined to the ends, where 
the thin filaments are brought into contact 
with each other and where the thick fila- 


ments are finally brought into contact with 
the Z-partitions (Fig. 2 1-8). 

The view proposed by a number of cur- 
rent workers is that contraction is mediated 
by the cross linkages between the myosin and 
actin filaments. Energy from the hydrolysis 
of ATP appears to be utilized in shifting 
the bonding sites along the filaments, causing 
them to be pulled along each other. And 
conversely a resynthesis of ATP is postulated 
to have the opposite effect, thus causing re- 
laxation. However, many unanswered ques- 
tions still remain. For example, how 1s 
contraction achieved in visceral muscle that 
is devoid of striated structure? And precisely 
how does ATP operate in causing the bond- 
ing sites to be shifted progressively along 
the length of the flamentsr 


VISCERAL AND CARDIAC MUSCLE 


As to metabolism, cardiac muscle resem- 
bles skeletal muscle, and presumably visceral 
muscle is also similar, although very little 
information is available in this regard. But 
just as there are plain differences of struc- 
ture among the three types of muscle, so 
there are differences in their physiological 
behavior. Skeletal niuscle acts most rapidly, 
completing a single contraction and relaxa- 
tion in 0.1 second or less—in comparison to 
] to 5 seconds for cardiac muscle, and 3 to 
180 seconds for visceral muscle from various 
organisms. 

A continuous mass of either visceral or 
cardiac muscle responds definitely in an all- 
or-none fashion. An excitation of one group 
of fibers keeps spreading until it involves all 
the fibers. In the heart there is a specialized 
system of modified fibers, which serves as a 
conducting system. In visceral muscle, how- 
ever, the spread of a contraction may depend 
upon nervous conduction. Visceral muscle is 
permeated by a fine network of nerve fibers 
that cannot be removed by dissection. 

An outstanding feature of cardiac muscle 
is the rhythmicity of its action. A_ frog’s 
heart, for example, if skillfully handled, may 
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keep on beating for more than a month after 
it has been excised from the body. This 
means that the contractions of the heart do 
not depend upon excitations from the cen- 
tral nervous system, although in the intact 
body, the strength and frequency of the 
heartbeat are altered considerably under the 
action of the cardiac nerves. 

Fach beat ol the heart represents a single 
twitch, and it is not possible for the heart 
to undergo a tetanic contraction, because 
the refractory period (p. 449) of cardiac mus- 
cle extends into the contraction period. Con- 
sequently a second stimulus never elicits a 
contraction unless it comes after the heart 
has started to relax. 

Sometimes visceral muscle also contracts 
and expands in rhythmic fashion, even in the 
absence of any apparent external stimula- 
tion. But the most important characteristic 
of visceral muscle is its capacity to remain 
in a contracted or semicontracted state even 
while “at rest.” A sustained contraction, or 
tetanus, in skeletal muscle involves a series 
of excitations coming in usually at the rate 
of about 50 per second, and skeletal muscle 
continues to expend extra energy so long as 
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the tetanus continues. But in visceral muscle, 
a state of sustained contraction, which 1s re- 
ferred to as tonus, does not involve continu- 
ous excitation, nor does tonus demand any 
extra metabolism above that of the resting 
state. Thus any degree of tonus in the range 
between complete contraction and complete 
relaxation can be maintained with perfect ef- 
ficiency, and extra metabolic activity is de- 
manded only when the tonus is to be in- 
creased or decreased. Visceral muscle is not 
called upon for quick reversible movements, 
and consequently there is no need for visceral 
muscle to ready itself instantaneously fot 
another full-scale contraction. Thus visceral 
muscle is able to maintain itself at any given 
status, and visceral muscle expencls energy in 
shortening or lengthening its fibrils only 
when an appropriate stimulus ts received. 


GLANDS 


These specialized effectors of secretion 
have been d<liscussed previously (Chaps. 11 
and 16), but a few general points will be 
considered in the present connection. 

The exocrine glands secrete their products 


GLAND CELL 


Fig. 24-9. Gland cells in relation to their blood 
supply. Each gland cell extracts substances from 
the blood (and lymph) and delivers them (with or 
withaut chemicol alterotion) into the duct system 
of the gland. 
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into ducts, and usually the active secretory 
cells are localized in bulbous chambers, 
called acini, at the blind ends of the finer 
ducts. Raw materials used by the gland cells 
in forming their special secretion are brought 
to the gland by the blood, which circulates 
through the capillaries, in close association 
with each acinus (Fig. 24-9). 

Certain glands, such as the sweat and tear 
glands, synthesize no special substances, but 
merely extract the components of their juices 
from the blood. Such glands expend energy 
in selecting and concentrating their products, 
since tears and sweat, compared to blood, 
contain more salts and scarcely any organic 
substances, except for traces of urea. But most 
glands also perform the synthesis of special- 
ized secretory products, for example, the 
enzymes of the digestive glands and the hor- 
mones of the endocrine glands. 

Some glands, especially in the endocrine 
system, appear to secrete continuously, al- 
though this activity is subject to change by 
excitations from the nervous system, or by 
the action of hormones. But many glands 
discharge their products only in response to 
periodic stimulation, in which case each ex- 
Citation is accompanied by a well-defined 
action potential. 

Precisely how a gland cell discharges its 
secretion into its duct is not well understood. 
Secretory granules (p. 31), when present, 





RESTING 


EXCITED 


Fig. 24-10. How secretion may occur. An increase of 
osmotic solute, together with increased permeability 
(or complete breakdown) af the membrone on the duct 
side of the cell, causes a flow of water from the lymph 
space through the cell, carrying its secretion out into 
the duct. 


may disintegrate just prior to their discharge 
(Fig. 24-10), or such granules may be swept 
bodily into the duct through the end of the 
cell bordering on the lumen. Probably the 
membrane at this end of the cell momentarily 
disintegrates, either partially or totally, al- 
lowing for the escape of synthesized products 
that do not ordinarily penetrate the mem- 
brane. Glandular activity requires an ex- 
penditure of energy, and the rate of respira- 
tion in some of the glands is higher than in 
any of the other tissues of the body. 


ELECTRIC ORGANS 


Galvanoeffectors are used as weapons of 
attack and defense by several kinds of fish, 
including the “electric eel” and the “stinging 
ray” (Fig. 24-11). Typically the electric organ 
is built up of disc-shaped cells that are 
stacked like coins in elongate columns. Each 
of the effector cells responds to excitation 





Fig. 24-11. Electric or stinging roy, Torpedo occi- 
dentalis. (Courtesy of the American Museum of Natu- 
rol History, New York.) 
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merely by discharging a volley of action po- 
tentials, but the cells are connected in series, 
like a string of serially wired batteries. Con- 
sequently the action potentials of the indi- 
vidual cells are summated, forming a total 
discharge of considerable magnitude. In some 
cases the total potential of the electric organ 
may exceed 400 volts, which is sufficient to 
stun or even kill a small fish if it receives the 
full charge. The amperage from an electric 
organ is not very great, because the effector 
cells have a rather limited electrical capacity, 
and each discharge endures for only about 
0.005 second. However, enough current is 
obtained from the electric organ of a sting- 
ing ray to produce a series of brief flashes 
when a lamp bulb is brought into the circuit. 


LUMINESCENT ORGANS 


Light is emitted by a wide variety of or- 
ganisms. These include a number of bacteria 
and fungi, as well as certain protozoans, 
sponges, coelenterates, mollusks, crustaceans, 
centipedes, mullepedes, insects, and verte- 
brates. Among vertebrates, however, light 
production by the organism itself occurs only 
in certain fish, especially deep-sea species. 
Luminescence has not been observed in any 
of the amphibians, reptiles, birds, or mam- 
mals. 

Certain bacteria and other fungi luminesce 
more or less continuously, when oxygen is 
available, and in this case the hight appears 
to be an incidental by-product of oxidative 
metabolism. But most luminescent animals, 
like the firefly, give out flashes of light only 
when the specialized luminescent organs are 
stimulated. In some cases, the luminescent 
organs are glands, which give forth luminous 
secretions; but more specialized organs, such 
as are found among insects, crustaceans, mol- 
lusks, and fishes, produce their light intra- 
cellularly. 

In the case of fireflies, at least, luminescent 
flashing provides a system of signals, based 
on timing, that guide the male flies to the 
females of the same species. 


Chemistry of Bioluminescence. As was 
shown many years ago by Raphael Dubois in 
France and by E. Newton Harvey in the 
United States, 1t is possible to extract an or- 
ganic substrate, called luciferin, and an en- 
zyme, luciferase, from the luminescent organs. 
These extracts give a flash of light when they 
are mixed together in the presence of free 
oxygen (Ox). However. different organisms 
seem to have developed different varieties of 
luciferin and different luciferases. Bacterial 
luciferin, for example, appears to be a phos- 
phorylated riboflavin-nucleic acid complex; 
whereas the luciferin from one of the Crus- 
tacea seems to be a yellow chromopeptid 
compound. Moreover, ATP seems to play an 
essential role in some cases, as in the flash 
emissions of the firefly. “he color of the 
light, on the other hand, may vary according 
to what luciferase 1s being used. 

The evidence indicates that the actual 
emission of light is from the molecules of an 
enzyme-substrate complex that becomes ener- 
gized during oxidation. However, the ener- 
gized state is short-lived. Free enzyme quickly 
is liberated and catalysis continues so long 
as free oxygen and other necessary substances 
are available. 

Considerable progress has been made re- 
cently toward the purification and identifi 
cation of the luciferin and luciferase com- 
ponents of the vanous luminescent systems. 
The bacterial system has been studied inten- 
sively by F. H. Johnson and co-workers at 
Princeton; the crustacean (cypridina) system 
also has been studied by Johnson in collabo- 
ration with an active group ol investigators 
in Japan; and the insect (firefly) system has 
been investigated by W. D. McElroy and co- 
workers? at Johns Hopkins University. In 
the case of the firefly, it is now possible to 
specify the precise molecular structure of 
luciferin (Fig. 24-12); and it is well estab- 
lished that the firefly luciferase is a long- 


* Grateful acknowledgment should also be given to 
the school childien of Baltimore, who collected a vast 
number of fireflies and delivered them to the bio- 
logical laboratory. 
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Fig. 24-12. Molecular structure of the luciferins of the firefly. 


chain protein, consisting of about 1000 
precisely ordered peptide units. Moreover, it 
has been shown that for each molecule of 
active luciferin (LH»2) that 1s converted to 
the oxidized form (L:O), one quantum of 
light (and no heat) ts produced. In other 
words, bioluminescence proceeds with re- 
markable efficiency and the frequently used 
term “cold light” 1s most appropriate. 


PIGMENTARY EFFECTORS 


Chromatophores, which enable an animal 
to change color or shade quickly and drasti- 
cally, are possessed by a variety of creatures, 
including crustaceans, mollusks, fish, am- 
phibians, and reptiles. As to structure, the 
chromatophores vary in different animals, 
but all are mechanical effectors in the sense 
that the response always involves the move- 
ment of pigment granules, which may or may 
not be contained within the protoplasm of 
the specialized effector cells. 

Among invertebrates the chromatophores 


are usually multicellular organs in which the 
displacement of the pigment is controlled by 
muscles. But the chromatophores of verte- 
brates are single cells (Fig. 24-13), which are 
present in enormous numbers throughout 
the skin. The cytoplasm of these cells is 
densely packed with pigment granules, and 
the distribution of the pigment in the cells 
determines the shade and color of the skin 


CHROMATOPHORES 


EXPANDED CONTRACTED 


Fig. 24-13. Unicellular chromatophores containing 
black pigment, from the scales of a fish (Fundulus). The 
light area at the center of the expanded cell marks 
the position of the nucleus. (After Spaeth.) 
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at any particular moment. Most of the pig- any fish provides an excellent preparation in 
ment cells are melanophores, which contain which to study the behavior of the chro- 
black granules, although some are filled with matophores under the microscope. Certain 
granules of other colors. drugs, such as adrenalin, excite the melano- 

A scale scraped from the skin of almost phores to contract, in which case one can 
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Fig. 24-14. Many fish can change their colar and color pattern ta match 
their bockground. Abave, flaunder against a backgraund of finely mattled 
sand and mud. Below, same fish ogainst a background af caarsely mottled 
shells. (Courtesy of the Fish and Wildlife Service, U.S. Department of the 
Interior.) 
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watch the pigment granules flow inward 
from the many fine branches of the pigment 
cell until they accumulate as a very small, 
deeply situated, mass around the nucleus 
(Fig. 24-13). Or by treating the scale with 
other drugs, such as acetylcholine (p. 455), 
one can watch the pigment granules dispers- 
ing into the many finer branches of the cell 
(Fig. 24-13). 

The protoplasmic branches of the pigment 
cells were previously thought to be pseudo- 
podia, capable of extension and retraction. 
But now it is known that the branches are 
relatively permanent, and that the pigment 
granules ebb and flow through the same 
channels with each successive “expansion” 
and “contraction.” ‘Thus the pigmentary re- 
sponse probably represents a type of proto- 
plasmic streaming (p. 198) rather than a kind 
of amoeboid movement (p. 196). 

In the intact animal, pigmentary responses 
are protective in nature, since they provide 
for changes in coloration in accordance with 
changes in the background of the environ- 


ment (Fig. 24-14). If a fish, for example, is 
placed in an illuminated aquarium with a 
white, or lght-colored bottom, the skin of 
the fish blanches as a result of a regimented 
contraction of all the melanophores. But if 
the bottom of the aquarium is changed to 
black, the skin rapidly darkens, and all the 
melanophores are found to be expanded. 

The normal stimulus that initiates the 
responses of the pigmentary effectors is light 
acting through the medium of the eyes and 
nervous system. Thus a blind fish usually re- 
mains permanently dark in contrast to the 
changing shades of its fellows in the aquar- 
jum. Among amphibians and crustaceans, 
however, excitations from the eyes are not 
transmitted to the pigmentary effectors; 
rather they act upon the endocrine system. 
In these animals, therefore, the immediate 
response is elicited by hormones. And even 
among fish and reptiles, the chromatophores 
are partially controlled by hormones, al- 
though excitations from the nervous system 
play a more dominant role (p. 454). 


TEST QUESTIONS 


1. Name five kinds of effector organs found in 
fish and other lower vertebrates. Which kinds 
are also found in man? 

Distinguish the three kinds of muscle tissue 

on the basis of (a) structural differences and 

(b) functional differences. 

3. What common structural and functional 
features are found in all muscle, regardless 
of type? 

4. Specify three functions that could not be 
achieved unless the muscles were arranged in 
antagonistic groups. 

5. Distinguish between a single twitch and a 
tetanus. 

6. Draw a curve to simulate the single twitch of 
a frog’s muscle, designating the name and 
duration of each part of the curve. 

7. Explain the relationship between: (a) the 
duration of the recovery period and the 
susceptibility of a muscle to fatigue; (b) 
graded contractions and the all-or-none law. 

8. When a working muscle is deprived of oxy- 
gen: (a) lactic acid accumulates more rapidly; 


~ 


(b) the glycogen reserves are used up faster; 
(c) inorganic phosphates accumulate; and (d) 
the muscle becomes fatigued more quickly 
and loses its capacity to contract. Explain 
these facts in the given order, emphasizing 
the relationships between them. 

9. How is it possible for a muscle to do work 
even though it may have no available oxy- 
gen and no capacity to hydrolyze glycogen? 

10. Explain how and why a steadily working 
muscle accumulates an oxygen debt. How is 
the extra oxygen used when a muscle is al- 
lowed to rest, and how is this usage related 
to a partial restoration of the glycogen re- 
serves of the muscle? 

1]. Differentiate between myosin and actomysin. 
Explain the dual role of myosin in relation 
to the contractile process. 

12. Discuss the efficiency of a muscle as compared 
to other machines. 

13. What use to the body is subserved by the 
energy that escapes conversion into mechan- 
ical power during muscular work? 
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Explain the nature and function of shivering. 
Make a diagram to show the fine structure of 
a single skeletal muscle fiber. Label the 
bands (A, H, I, and Z) and clearly differenti- 
ate between the thick (myosin) and the thin 
(actin) filaments. 

Briefly explain a current theory as to how 
shortening (contraction) may occur. 
Distinguish between a tetanic and a tonic 
contraction. Explain why the tonic contrac- 
tions of visceral muscle are peculiarly well 
adapted to the functional responsibilities of 
this tissue. 

All glands perform work in extracting the 
components ol their secretions and in con- 
centrating these substances, but some glands 
also achieve the synthesis of special products. 
Classify the glands of the body according to 
this criterion. 


FURTHER 


Muscular Movement in Man, by A. V. Hill; 
New York, 1927. 

Color Changes of Animals in Relation to 
Nervous Activity, by G. H. Parker; Philadel- 
phia, 1936. 


20. 


Briefly discuss electric organs in relation to: 
(a) the origin of the discharge; (b) the magni- 
tude of the discharge; (c) the usefulness to 
the possessor. 

Briefly discuss bioluminescence with reference 
to;(aj ithe occurrence am mature; -(b) the use 
to the organism; (c) the metabolic origin of 
the light; (d) the efhciency compared to other 
kinds of light emissions. 

Changes of color, shude. and pigment pattern 
in the skin of a fish (Fig. 24-14) are produced 
by unicellular eflectors. Explain this statement 
carclully, using a diagrani to show how the 
pigment cells behave when a fish darkens and 
pales according to the background. 

To what extent are the pigment cells of the 
fish, amphibians, and reptiles controlled: (a) 
by the nervous system; (b) by the endocrine 
system? 


READINGS 


a: 


“The Contraction of Muscle,” by H. E. 
Huxley; in Scientific American, November 
Was, 

“Biological Luminescence,” by W. D. McElroy 
and “HH. “H: Seliger; in Screntific: American, 
December 1962. 


= Responses of Higher Aninals: 
The Nervous System 


THE RECEPTORS and effectors in higher 
animals are interconnected by the cells of the 
nervous system, which relay excitations from 
parts of the body where stimulation occurs 
to other parts where responses take place. 
Thus the nervous system coordinates activi- 
ties throughout the body in such a way that 
each animal displays an integrated behavior 
as it confronts the problems of survival. 
Most animal responses are performed with- 
out benefit of previous training, because ex- 
citations that originate in a certain group 
of receptors tend to be transmitted by the 
nervous system to some specific and localized 
group of effectors. Such unconditioned re- 
sponses (p. 468) are generally useful to the 
organism in that they are specifically adapted 
to the conditions of some particular habitat. 


NERVE IMPULSES 


The transmission of excitations is the spe- 
cialty of nerve cells, and nerve cells transmit 
excitations at far greater speed than other 


tissues. Accordingly, excitations traversing 
the nervous system are specifically referred to 
as nerve impulses. 

The speed of the nerve impulse varies in 
different animals, but it 1s always great com- 
pared to the transmission of excitations by 
unspecialized tissues. An activated egg cell, 
for example, propagates an excitation at the 
rate of only 1 cm per hour, and thus it is 
possible to watch the lifting of the fertiliza- 
tion membrane, which accompanies the 
spreading of the excitation over the surface 
of the egg. Likewise the sponge, which also 
lacks specialized nerve cells, transmits excita- 
tions at the comparatively slow rate of | cm 
per minute. But with the appearance of even 
primitive nerve cells, such as are found in 
Jellyfish (p. 633), the rate of transmission 
climbs sharply to 10 cm per second; and in 
the well-developed nervous system of the 
earthworm, the speed is ten times greater. 
‘The maximum velocity is reached, however, 
in the nerves of warm-blooded vertebrates. 
In the nerves of man, for example, the larg- 


447 


448 - Multicellular Animals, Especially Man 


est fibers transmit at the rate of 120 meters 
per second, and even in the smaller fibers 
impulses are conducted almost as fast. 

Aside from the speed of transmission, 
nerve impulses are [undamentally similar to 
excitations in other tissues (p. 190). Like exci- 
tations. generally, the nerve impulse is a 
wavelike protoplasmic disturbance (p. 191) 
that is always distinguished by well-defined 
electrical, thermal, and chemical changes. 
Invariably the spikelike action potential 
keeps precisely in pace with the speeding 
impulse; and the passage of each impulse 
involves the liberation of a small amount of 
heat. At lease 90 percent of this heat comes 
forth subsequent to actual transmission, 
while the nerve is consuming extra oxygen 
and consummiating its recovery. 

Compared to a working muscle, a trans- 
mitting nerve expends very little enersy. al- 
though the total extra heat produced rep- 
resents much more energy than 1s Inberated 
by the actual process of transmission. The 
extra consumption of oxygen and produc- 
tion of carbon dioxide, which result from 
nervous activity, are so small that they could 
not be measured until quite recently. In fact, 
the heat produced by a stimulated nerve is 
equivalent merely to the energy liberated by 
the oxidation of 0.Q0000T gram of glycogen 
per grain ol nerve per minute of continuous 
surmulation. Thus if the nerve contains only 
If percent ol ‘carbolmdrate Inel it could be 
stimulated continuously Tor a week without 
exhaustion. It is not surprising to find that 
nerve fibers are, in fact, practically unfatiga- 
ble, provided an adequate oxygen supply is 
available. 


EXCITABILITY IN NERVE FIBERS 


With proper care, a nerve excised from the 
body of a cold-blooded animal, such as a 
froee willsremaimn alivesaid <excitaple: tora 
period of more than 24 hours, and excised 
nerves have been widely employed in study- 
ing the phenomena of excitation. Usually 
such nerves are attached to a muscle, and the 


contraction of the muscle indicates the eftec- 
tiveness of the stimulus, which is applied 
clirectly to the nerve. Each motor nerve 1s 
made up of many axon fibers (p. £53), which 
pass to the muscle in a common sheath, and 
these axons, though divorced from their 
centrons (p. £53), remain alive and excitable 
for an extensive period after the nerve has 
been removed from the body. 

When any nerve is stimulated directly with 
in clecthie current, tle excitation: arises. at 
the negative electrode, that ts, at the point 
where the stimulating current abolishes the 
positive charge on the outer surface of the 
membrane (p. 190). Such a depolarization, or 
cancellation of the resting potential, results 
in the clischarge of an impulse from the point 
of excitation. Then a rapid wave of depolari- 
vation, or action potential, travels along the 
length of the fiber, and each depolarized 
point, as it becomes excited, contributes its 
share of energy to the propagation of the 
inipulse. 

Immediately after transmitting an impulse, 
each part of a nerve fiber quickly recovers its 
capacity to be re-excited. The absolute re- 
fractory period (p. 419), during which the 
fiber cannot be re-excited by another stimu- 
lus, however strong, endures Tor only about 
0.002 second (Fig. 25-1); but this is followed 
by a relative refractory period (0.012 second), 
during which an exceptionally strong stimu- 
lus can cause an excitation. Then, before the 
fiber returns to its original state, there is a 
briel supernormal period. During the super- 
normal period the fiber is susceptible to exci- 
tation by feebler stimuli, 

Unhke an ordinary electric current, the 
propagated action potential does not grow 
weaker as the transmitting circuit becomes 
longer. this: 1s 7BCedlise tyew enero 1s pi: 
vided to the impulse as it passes each point 
along the nerve fiber. Moreover, nerve fibers, 
like muscle fibers, respond in an all-or-none 
fashion; each fiber discharges to the maxi- 
mum of its capacity at the moment of excita- 
tion. This does not mean that all impulses 
are of the same magnitude. In fact, the mag- 
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nitude of an impulse provides a good index 
of the tmmediate condition of the transmit- 
ting fiber. Thus, for example, if one section 
of a nerve is slightly poisoned (Fig. 25-2), 
this section transmits weaker impulses so 
long as the toxic condition persists; but if 
impulses manage to traverse a damaged re- 
gion of a nerve, the impulses regain full in- 
tensity as soon as they reach an undamaged 
section of the nerve. 


THE NERVE NET OF HYDRA: A PRIMITIVE 
NERVOUS SYSTEM 


One of the simplest types of nervous sys- 
tem is found in Hydra and other coelenterate 
animals. Hydra possesses a nerve net (Fig. 
25-3) that extends throughout the body and 
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Fig. 25-2. The intensity of a nerve impulse traveling 
from left to right along a nerve fiber is indicated by 
the height of the action potential outlined above the 
fiber. The slightly shriveled region of the fiber indi- 
cates the depressed portion in which the impulse in- 
tensity is reduced. Note that the action potential, once 
past the depressed (perhaps drugged) section, regains 
its full intensity. 








Fig. 25-1. Variation of excitability of 
a nerve after stimulation. 1, absolute re- 
fractory period; 2, relative refractory 
period; 3, supernormal period; 4, normal 
condition. (Adapted from Keith Lucas.) 


tentacles of the animal. The nerve net lies in 
close contact with the mesoglea (p. 630), but 
its branches make contact with the cells of 
both the ectoderm and endoderm. Some of 
these branches are equivalent to the sensory 
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Fig. 25-3. Responsive mechanisms of Hydra. Note 
gradations of complexity from the independent effec- 


tor to distinct receptor, conductor, and effector cells. 
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nerve fibers of higher animals, since they re- 
ceive impulses from specialized receptor cells; 
but other branches of the net are motor 
fibers, since they transmit impulses to the 
epitheliomuscle cells of the ectoderm and 
endoderm. 

The nerve net of Hydra is composed of 
primitive nerve cells, called protoneurons 
(Fig. 25-4), which differ from the neurons of 
higher animals. Protoneurons may not be 
discrete cells. In fact theaeenole nerve net 
may represent a syncytium, in which the 
protoneurons are in protoplasmic continuity 
with each other.1 Moreover, protoneurons 
tend to send out fibers in many directions 
from the centron (p. 453), rather than along 
one main linear pathway of contraction, as 
is the case with the neurons of higher ani- 
mials:(p; 495); 

In Hydra, impulses from the receptors in 
any part of the body tend to spread rather 


1 Recent electronmicrographic studies indicate that 
at least some synapses ale present in the nerve net. 
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Specialized responsive cells of Hydra. 


indiscriminately in all directions throughout 
the nérvesnet. iin fict,. anv strone samiulus 
tends to produce a very generalized response, 
such as a contraction of the hydra as a whole, 
since 2 large proportion of the epithelio- 
muscle cells are thrown tnto action more or 
less simultaneously. 

There are, however, some factors that tend 
to localize responses, even in the hydra’s 
primitive nervous system. Due to the elon- 
gate shape of the tentacles, the nerve net in 
these organs runs mainly in a_ lengthwise 
direction. This arrangement tends to orient 
the flow of impulses to and from the tenta- 
cles giving the tentacles some capacity for 
reacting on an individual basis. Moreover, 
protoneurons display a relatively long re- 
fractory period, so that recently excited parts 
of the nerve net are not immediately capable 
of propagating new excitations. Probably 
there are other factors, still unknown, that 
tend to localize the responses of Hydra more 
definitely. 
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THE NERVOUS SYSTEM OF THE 
EARTHWORM 


Such a diffuse and uncentralized nervous 
system 1s not characteristic of invertebrate 
animals generally. Many invertebrate animals 
have highly centralized nervous systems, es- 
pecially among the annelids and arthropods. 

In higher animals, the nerve cells are not 
scattered throughout the body, but are ag- 
gregated mainly in a central nervous system. 
The central nervous system of the earthworm 
has the form of an elongate nerve cord that 
extends lengthwise through the body. In the 
earthworm and most other invertebrates, 
the nerve cord lies ventral to the digestive 
tract, except at the anterior end, where it 
loops around the pharynx (Fig. 25-5). An- 
teriorly the nerve cord terminates in two 
distinct swellings, the cerebral] ganglia, which 
lie dorsal to the digestive tract (Fig. 25-5); 
other swellings, or ganglia, occur in the ven- 
tral part of the cord, typically one pair in 
each segment of the body. 

The ganglia are very important because 
these swellings mark the location of the cell 
bodies, or centrons, of the many nerve cells 
that compose the whole nervous system. Thus 
the interconnecting strands between the 
ganglia (Fig. 25-5) consist of nerve fibers 
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Fig. 25-5: 
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(mainly axons), derived from the centrons in 
the ganglia; and likewise the nerves, which 
are associated with each ganglion (Fig. 25-5), 
consist of bundles of nerve fibers passing to 
and from the ganglia. 

Central vs. Peripheral Parts of the Nervous 
System. In such a highly organized system, it 
is possible to recognize two main functional 
parts: (1) the peripheral nervous system, 
which consists of the many nerves extending 
out from the nerve cord; and (2) the central 
nervous system, which is the ganglionated 
nerve cord itself. Each peripheral nerve sends 
fibers to both the receptors and effectors in 
a certain segment of the body; and the cen- 
tral nervous system serves as an interconnec- 
tion among all the peripheral nerves. Thus 
the nerves present in each segment of the 
earthworm (Fig. 25-5) are brought into com- 
munication with each other, and with all 
other nerves in the body, by way of the nerve 
cells of the central nervous system (Fig. 25-6). 

The nerves of the earthworm are all mixed 
nerves, in that each nerve is made up partly 
of sensory (afferent) fibers, which convey 1m- 
pulses from the receptors toward the central 
nervous system; and partly of motor (efferent) 
fibers, which always transmit impulses from 
the CNS to the effectors. Thus each nerve 
consists of fibers supplying both the receptors 
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Side view of anterior end of on eorthworm, showing the cerebrol 


ganglion and lorger nerves. (After Hess. From Hegner, College Zoology. Per- 


mission of The Mocmillon Co.) 
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and the effectors in a given region of the 
earthworm’s body (Fig. 25-6). 

The Reflex Arc. As is indicated mn Figure 
95-6, not one, but a series of neurons takes 
part in relaying impulses to the effectors, 
whenever the receptors of an earthworm aie 
stimulated. But regardless of the number of 
neurons, the route taken by tnpulses in 
passing from the receptors to the effectors of 
an animal is designated as a reflex arc. In all 
cases impulses pass to the central nervous 
system via afferent fibers, and pass outward 
from the CNS via efferent fibers. 

The many degrees of complexity displayed 
by reflex arcs are shown in Figure 25-6. ‘The 
simplest arc (Fig. 25-6) is a unilateral intra- 


segmental reflex, which involves just one 
side of one segment of the animal's body; 
another simple arc is a bilateral intraseg- 
mental reflex, which involves both sides of 
any one segment (Fig. 25-6). Similarly it is 
possible to recognize intrasegmental reflex 
arcs (Fig. 25-6), which may be either short 
or long, and either unilateral or bilateral in 
nature. 

In the intact animal, each stimulus usually 
excites Many receptors and throws a number 
of reflex arcs into simultaneous action. More- 
over, each sensory neuron makes contact with 
several association neurons, as well as with a 
number of motor neurons. Association neu- 
rons are localized entirely within the central 
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nervous system, and do not send fibers into 
the nerves. Association neurons make contact 
with other association neurons, as well as 
with sensory and motor neurons. In fact the 
interconnections of the association neurons 
are so extensive throughout the central nerv- 
ous system that impulses coming in from any 
sensory nerve can find their way to any motor 
nerve. However, impulses in all higher ani- 
mals tend to follow well-defined and localized 
pathways, which are determined by a variety 
of factors (see later). 


THE NEURONS OF VERTEBRATE ANIMALS 


The neurons of all higher animals are uni- 
nucleate cells. “Typically each neuron (Fig. 
25-7) displays one or more dendron fibers, 
which conduct impulses toward the nucleated 
cell body, or centron; and each neuron has 
one (occasionally two or more) well-defined 
axon fiber, which transmits impulses away 
from the cell body. Both dendrons and axons 
may display side branches, or collaterals, and 
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Fig. 25-7. Types of neurons, or nerve cells, found in 
mon. 


each fiber terminates in a number of twiglike 
nerve endings. 

‘The neurons of vertebrates are essentially 
comparable to those of invertebrate animals, 
but the vertebrate nervous system represents 
a much more intricate complex of reflex arcs, 
as is shown diagrammiatically in Figure 25-8. 

The Synapses and Other Relay Points in the 
Reflex Arc. One main function of each neu- 
ron is to relay impulses either to one or more 
other neurons, or directly to an effector struc- 
ture. Thus even a relatively simple reflex arc 
is interrupted by one or more synapses, 
which are the points of contact between suc- 
CESSIVE NEUYONS. 

Other types of synaptic junctures are en- 
countered: at points where receptor cells 
make contact with the sensory neurons (Fig. 
25-8), and at points where motor neurons 
join the muscle fibers or other effector cells. 
However, the physiological properties of the 
sensory-neural and myoneural synapses may 
be somewhat different from those of inter- 
neural synapses. 

Electronmicrographic studies demonstrate 
beyond doubt that the synapses are points of 
discontinuity between the successively ar- 
ranged cells of the sensory-neural-muscular 
system. The gap between the membrane at 
the tip of an axon branch and the membrane 
of a dendron branch—and this is a typical 
synapse—measures some 125 + 25 Angstrom 
units across. Generally there are a number of 
microvesicles, called neurosecretory vesicles, 
situated at the axon terminal, near the syn- 
aptic membrane. 

The transmission of impulses across a syn- 
apse involves relay mechanisms that are far 
from simple. ‘The synapse may act as a re- 
sistance point at which impulses are damped 
off completely. Synaptic resistance varies, 
however, in the different reflex arcs, and con- 
sequently the synapses play an important 
role in routing impulses through the nervous 
system and in localizing responses in the or- 
ganism. But even more important, perhaps, 
is that the pattern of impulses in the post- 
synaptic neuron is usually not a carbon copy 
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of the pattern in the presynaptic nerve cell. 
The rate of firing (frequency of impulses) 
may be increased or decreased as a result of 
the relay. And if the postsynaptic neuron 
possesses more than one axon, the rate of 
firing may be different in the different axons. 
Also, neighboring synapses may mutually 
exert an influence upon each other. In short, 
the synapses are very 1mportant in determin- 
ing the integrative functions of the nervous 
system, as will be discussed more fully later 
(ooo) 

Basic Nature of Synaptic Transmission. [he 
question of whether synaptic transmission is 
chemical or electrical remained a matter of 
controversy for many years. Now, however, 
most neurophysiologists agree that both 
chemical and electrical agencies are gener- 


ally involved. However, a few cases of purely 
electrical synaptic excitations, not involving 
chemical agency, have been demon- 
strated——particularly in arthropods. 

The first demonstration of a neurosecre- 
tion, or neurohumor, was made by Otto 
Loew), in 1921, while studying the isolated 
heart of the frog. Such a preparation will 
keep beating for many hours. And if two 
hearts are arranged in the fashion indicated 
in Figure 25-9, stimulation of the decelerator 
(vagus) nerve to the upper one not only 
causes this heart to slow down but also leads, 
a few seconds later, to a slowing of the beat 
of the lower heart. Obviously these hearts are 
not connected by any nerves. Consequently 
the effect must be transnutted by some chem- 
ical agent, liberated into the saline fluid that 


ay 
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Fig. 25-9. Diagram of Otto Loewi’s experiment, dem- 
onstrating the neurohumor, acetylcholine. Stimula- 
tion of the vagus nerve of the upper heart soon 
retarded the beating of the lower heart as well. 


flows from one heart to the other. Similarly, 
excitation of the accelerator (sympathetic) 
nerve to the upper specimen accelerated the 
beat in both hearts. This indicated the l1b- 
eration of another neurosecretion, or excita- 
tory substance. 

Subsequent work resulted in the isolation 
and identification of the cardiac decelerating 
factor. It is a fairly simple nitrogenous com- 
pound, namely, acetylcholine. Acetylcholine 
is secreted by the terminal axon branches in 
many parts of the nervous system. It serves 
as the excitatory agency (1) at the myoneural 
synapses of all motor neurons, (2) at all syn- 
apses in the parasympathetic (p. 465) system, 
and (3) at the synapses of the preganglionic 
neurons of the whole sympathetic (p. 466) 
nervous system. Acetylcholine is probably 
produced also at many synapses within the 


central nervous system, that is, at the syn- 
apses joining the successive association neu- 
rons of various reflex arcs. Collectively, 
therefore, such neurons, which are excited 
by acetylcholine, are said to be cholinergic. 

Acetylcholine is liberated, probably, from 
the microvesicles of the axon tips, into the 
synaptic gaps. Here it contacts the dendritic 
membranes, causing excitation. Such excita- 
tion is short-lived, however. A special enzyme, 
cholinesterase, soon initiates a hydrolytic 
breakdown of the excitatory substance into 
acetate and choline which are inactive. 

The heart accelerator factor has also been 
identified. It is noradrenaline (p. 406), for- 
merly referred to as sympathin. Noradrena- 
line has a more restricted action as a synaptic 
transmitter. It is produced by the postgangli- 
onic neurons of the sympathetic system and, 
perhaps, by some neurons in the brain stem 
(p. 459). Neurons that are excited by nor- 
adrenaline are referred to as adrenergic. 

In addition to acetylcholine and noradren- 
aline, at least three other synaptically active 
substances are indicated by current research. 
These are serotonin (5-hydroxytryptamine), 
factor S, and factor I. Serotonin may act as 
a synaptic transmitter in some neurons within 
the central nervous system; factor S (sensory 
factor) appears to be involved in the forma- 
tion of the generator potential (p. 456) in re- 
ceptors generally; and factor I (inhibition 
factor) appears to mediate the inhibitory ef- 
fects of certain nerve cells in the central 
nervous system. 


FUNCTIONS OF NERVE CELL BODIES 
AND DENDRITES 


Previously it was thought that the sole 
function of the cell body, or centron, was to 
nourish its connected fibers (dendrites and 
axons). [he nucleus, of course, lies in the 
cell body, and if an axon or dendrite is di- 
vorced from its centron it begins to degener- 
ate after several days. In fact, following the 
pathway of such degeneration has enabled 
neuroanatomists to trace out many of the 
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principal sensory and motor pathways (p. 
463) in the nervous system. Likewise, a study 
of axon regeneration, which follows the 
channel of degeneration in the central nerv- 
ous system, has yielded a great deal of con- 
firmatory evidence. 

Recent studies indicate that the cell body 
has other important functions. Neurosecre- 
tory products, apparently, are synthesized 
mainly m the centron. They are then carried 
by a sort of “peristalsis” along the fibers to 
the tips (p. 414), where storage and utiliza- 
tion occur. But even more important, per- 
haps. rs the fact that the cell body. together 
with its associated clendrites, is not just a 
passive transmitter of such impulses that are 
brought to it. These parts may profoundly 
modify the pattern of such 1mpulses, before 
passing them on. This newly discovered fact 
has had great impact upon current thinking 
on the question of how the nervous system 
achieves its complex mtegrative functions. 

Some nerve cells discharge impulses spon- 
taneously in rhythmic fashion. This phe- 
nomenon was demonstrated most clearly by 
T. H. Bullock of the University of California, 
working on the pacemaker neurons of the 
heart of the lobster. An exceedingly fine 
microelectrode (p. 428) inserted into the 
centron of such a cell reveals an alternating 
series of depolarizations and repolarizations 
in the membrane potential of the dendritic 
region of the cell. As depolarization reaches 
a critical level, one or more sptkelike action 
potentials are fired, causing cardiac contrac- 
tion. Immediately after the spike, however, 
repolarization commences, and the next ac- 
tion potential is not discharged until an- 
other depolarization occurs in the changing 
cycle of the “pacemaker potential.” 

Impulses coming to a pacemaker neuron 
across synaptic contacts from other neurons 
do not directly lead to the firing of impulses 
to the heart. They merely change the rate of 
firing. Some fibers cause acceleration and 
others deceleration; and presumably these 
effects are mecliated by two different synaptic 
transmitter substances. A neuron does not 


necessarily fire off an exact carbon copy of 
the pattern of impulses received by its den- 
clrites. 

The generator potential, previously dhts- 
cussed (p. 428), provides another example of 
specialization and versatility among neuronal 
cells and synaptic junctions. Some small neu- 
rons in the central nervous system, appar- 
ently, do not handle true nerve impulses— 
conducted in all-or-none fashion and without 
decrement—as do the axons of most nerve 
cells. They conduct slow changes of potential 
that suffer decrement during propagation. 
Impulses arriving at a synapse may either 
raise or lower the dendritic membrane _ po- 
tential of the postsynaptic cell. Also they 
may either excite or inhibit, depending upon 
several factors, such as the intrinsic nature of 
the presynaptic and the postsynaptic cells, 
and local conditions, both past and present. 
Presumably these activities are mediated by 
synaptic transmitter substances. However, 
much remains to be learned, although the 
known mechanisms are suffictently complex 
and versatile to account for the great com- 
plexity and versatility of the nervous system. 

“One-Way” Conductivity: The Law of 
“Forward Direction.” In the intact animal, 
sensory impulses always travel inward, to- 
ward the central nervous system, and motor 
impulses always pass outward from the CNS. 
However, this law of “forward cliréction” is 
determined, not by the conductivity of the 
neurons, but by the fact that synapses can 
conduct in one direction only, An excised 
nerve will conduct impulses equally well in 
either direction, but in the body an impulse 
traveling “backward” through a neuron is 
always stopped when it reaches a synapse. In 
other words, impulses may be transmitted 
irom axons to dendrons in successive neu- 
rons, but not from dendrons to axons. 

The “two-way” conductivity of nerve fibers, 
in contrast to the “one-way” conductivity of 
the synapses, may be demonstrated by experi- 
ments in which the nerves of an animal such 
as a frog are exposed and stimulated directly. 
The simplest method is to expose a motor 
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nerve that consists mainly of efferent axons, 
passing toward some muscle. When such a 
nerve is excited—as by pinching—a series of 
action potentials can be detected by an oscil- 
loscope. These impulses pass not only out- 
ward toward the muscle (causing it to con- 
tract); but they also pass inward toward the 
spinal cord. However, the backflow of im- 
pulses dies out as soon as it reaches the spinal 
cord. At the spinal cord the impulses en- 
counter the synaptic junctures between the 
motor neurons and the other neurons of the 
central nervous system (Fig. 25-8), and these 
synapses are not able to conduct in a central 
direction. 

Apparently the dendrons represent the “‘re- 
ceptive” portion of a neuron. The dendrons 
of a postsynaptic neuron may be excited by 
impulses coming from presynaptic axons, but 
axons cannot be excited by impulses coming 
from the dendrons. 

Synaptic Resistance: Localization of Re- 
sponses. Even when impulses approach a 
synapse in the proper direction, they may or 
may not be transmitted, depending on a 
variety of factors. The resistance to the pas- 
sage of impulses is extremely variable from 
synapse to synapse, and in any one synapse 
from time to time. Impulses entering the 
central nervous system from a stimulated 
sense organ tend to follow certain paths that 
carry the impulses to some limited and lo- 
calized group of muscles or other effectors. 
In other words, certain reflex arcs transmit 
impulses more readily than others, and con- 
sequently the application of a particular 
stimulus frequently results in the perform- 
ance of one or more definitely localized re- 
flex acts. However, the forces and factors that 
determine synaptic transmission are very 
complex and not fully understood at present. 

Synaptic Summation. A single stimulus, 
applied to an afferent nerve, may fail to 
evoke any response, even though the stimulus 
is not too weak to excite the nerve itself. But 
the same or even a weaker stimulus may 
evoke the response, if repeated a number of 
times in rapid succession. ‘This phenomenon 





of synaptic summation indicates that a series 
of impulses leads to the accumulation of 
some force or substance, which finally may 
overcome a synaptic block. The success of a 
summation depends upon the exact timing 
of the succession of impulses arriving at the 
synapses, and this fact is important in ceter- 
mining the reflexes of the intact animal. 
Ordinarily when a sense organ is stimulated, 
it discharges not one, but a volley of impulses 
into the afferent nerve; and in the volley, the 
frequency of the impulses increases steadily 
as the strength of the stimulus is raised. ‘Thus 
a single weak stimulus, applied to a sense 
organ, may fail to evoke a reflex, whereas a 
stronger stimulus, even when applied just 
once, may be entirely successful. 

Synaptic Fatigue. A prolonged and con- 
tinuous repetition of the same stimulus sooner 
or later results in a failure of the response. 
This block is not necessarily due to a fatigue 
of the synapses of the particular reflex arc, 
since the receptor cells themselves may not 
continue to discharge impulses if the stimu- 
lation is continued unduly. But even when 
the sensory nerve is excited directly by a 
continuous series of stimuh, a block is finally 
effected by synaptic fatigue. Synapses are 
much more quickly fatigued than myoneural 
junctures, which, in turn, are fatigued much 
sooner than a muscle; nerve fibers proper are 
practically untatigable. Fatigue of the syn- 
apses, like that of other tissues, is a reversible 
process, and the synaptic block disappears 
during periods of rest, if an adequate supply 
of oxygen is available. 

Facilitation: Habit, Memory, Learning. 
Assuming the fatigue is avoided, the mere 
transmission of a series of impulses across the 
synapses of a given reflex arc results in an 
enduring increase in the conductivity of this 
arc to the passage of subsequent impulses. 
Thus it 1s always easier for an animal to 
repeat a given response than to perform the 
action for the first time. This effect, which 1s 
called facilitation, is especially characteristic 
of the brain synapses of higher animals— 
particularly in higher vertebrates, such as 
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birds and mammals. This effect is very 1m- 
portant, because facilitation may underlie 
the phenomena of habit, memory, and learn- 
ing. In fact, all conditioned reflexes, which 
enable an animal to modify behavior in rela- 
tion to past experience, appear to be depend- 
ent upon the facilitation effect. 

If fatigue is avoided, facilitation becomes 
more and more pronounced as the synapses 
ol a given arc continue to be used, until a 
certain maximum 1s reached. The cdlegree of 
repetition required to reach this maximum 
varies widely from species to species, and 
from individual to individual in the same 
species. Moreover, facilitation tends to en- 
dure for considerable time—sometimes 
throughout the hfe of the individual. The 
fading of facilitation—-and this is the under- 
lying basis of forgetting and loss of habit— 
usually proceeds at a gractual pace, during 
periods when there is a prolonged disuse of 
the synapses concerned with a particular re- 
sponse. However, there are many facets to 
the problem of facilitation that still remain 
obscure. 


THE NERVOUS SYSTEM OF MAN AND 
OTHER VERTEBRATES 


The vertebrate nervous system is far more 
complex than that of invertebrate animals, 
although no fundamental diflerences have 
been found between the systems. 

The Central Nervous System. In vertebrate 
animals, the central nervous system consists 
of the brain and spinal cord, which form a 
thick-walled tubular mass of nerve tissue 
extending lengthwise in the mid-line of the 
dorsal body wall. At its anterior extremity 
the nerve tube is enlarged and modified, 
forming the brain; but most of the tube 
forms the spinal cord, whicl: has a relatively 
simple cylindrical form (Fig. 25-10). The 
brain lies within a strong (usually bony) 
encasement, called the crantum; and _ the 
spinal cord is surrounded by the segments of 
the vertebral column. 

The form of the spinal cord does not vary 
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Fig. 25-10. Brain and spinal cord af a frog. Craniol 
nerves are indicated by Roman numerals, I-X; spinal 
nerves, by Arabic numbers, 1-10. 


very much in different vertebrates, except in 
size and length (Fig. 25-11). The brain, how- 
ever, becomes proportionately Jarger and 
displays an increasing complexity of form 
and Tunction in higher vertebrates, especially 
in. man and other mammals (Fig. 25-12). 
Structure of the Spinal Cord and Brain. .\ sec- 
tion of the spinal cord (Fig. 25-13) reveals 
two regions: (1) an outer mass of white mat- 
ter, composed mainly of axons running 
lengthwise? i> the cord; <anel, ((2)) aim. inner 
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Fig. 25-11. Brains and spinal 
cords af man, the cat, and the 
frog, showing the relative sizes 
and proportionately greater 
develapment of the brain in 
man and the cat. (Fram The 
Nervous System. Encyclopedia 
Britonnica Films, Inc.) 


mass of gray matter, consisting mainly of 
nerve cell bodies, together with the dendrons 
and axons that connect with the centrons. 
The grayness of the central area is due to an 
absence of myelin. This whitish lipoid ma- 
terial invests the axons only after they emerge 
from the gray matter and start running up- 
ward or downward through the cord. Some 
of the centrons, especially in the two ventral 
horns of gray matter (Fig. 25-13), are the 
cell bodies of motor neurons, which dispatch 


Fig. 25-12. Median longitudinal sec- 
tion of humon brain. 
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their axons directly out into the motor nerves; 
but the other centrons belong to association 
neurons, which lie entirely in the central 
nervous system. 

The brain stem, or lower part of the brain, 
has much the same structure as the spinal 
cord, but the walls of the upper part of the 
brain are greatly expanded, forming the so- 
called higher centers. The most prominent 
higher centers—in man and other mammals 
—-are the cerebrum and the cerebellum (Fig. 
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25-12). The higher centers—particularly the 
cerebral hemispheres—increase in size and 
complexity from the lower to the higher ver- 
tebrates, until in man they overgrow prac- 
tically all other parts of the brain. In both 
the cerebrum and cerebellum there is an 
external layer -of aeray cimatier, called: the 
cortex, which is lormed by an outgrowth 
from the deeper gray matter and which com- 
pletely covers the outer surface of these or- 
gans. This cortex, in both the cerebrum and 
the cerebellum, consists entirely of associa- 
tion neurons, which relay impulses to and 
from the underlying white matter. The cor- 
tex neurons are extremely numerous; several 
billion are present in the cerebral hemi- 
spheres of man. Accordingly it is not possible 
to trace the exact path of the impulses in the 
higher centers; nor is it possible to predict 
the precise outcome of a response if the reflex 
arc involves a higher center of the brain. 
The cortical regions ol the nigher centers 
are very important, because (1) consciousness 
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occurs only in relation to nerve impulses that 
pass through the cerebral cortex; and (2) the 
capacity of vertebrate animals to form con- 
ditioned reflexes is localized mainly in the 
cortical areas of the cerebrum and _ cere- 
bellum. 

The Craniospinal Nerves: Somatic Reflexes. 
All] movements of the limbs and other ex- 
ternal body parts are performed by skeletal 
muscles, and the skeletal muscles are all 
activated by motor neurons from the spinal 
cord and brain. Thus the spinal nerves and 
the cranial nerves are directly concerned with 
all somatic reflexes, which determine the ac- 
tivities of the skeletal muscles. 

The Spinal Nerves. The segmented character 
of the vertebrate nervous system is clearly 
shown by the arrangement of the spinal 
nerves (Fig. 25-10). The spinal nerves origi- 
nate lrom the spinal cord in bilaterally sym- 
metrical pairs, and each spinal nerve in- 
nervates all the receptors and effectors on one 
side of one segment of the body. Each spinal 
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nerve is a mixed nerve, since it carries sen- 
sory fibers from the receptors to the cord, 
and motor fibers from the cord to the mus- 
cles, in a particular body segment. 

The junction between each spinal nerve 
and the cord is effected by two roots: a dorsal 
root and a ventral root (Fig. 25-13), and these 
two roots are different as to function. All 
sensory fibers in the nerve enter the spinal 
cord via the dorsal root: whereas all motor 
fibers emerge from the cord via the ventral 
root (Fig. 25-13). ‘The dorsal root is also dis- 
tinguished by an appreciable swelling, the 
dorsal root ganglion, which contains the cen- 
trons of al] the sensory neurons of the cor- 
responding side of a particular body seg- 
ment. Each of the neurons shown in Figure 
25-13 represents a type, of which many are 
present in the actual nerve—so that a spinal 
nerve innervates all the receptors and effec- 
tors on the corresponding side in a particular 
body segment. Not shown tn the diagram are 
the association neurons in the gray matter of 
the cord, which serve to transmit impulses 
from the sensory neurons to motor neurons, 
not only in the same segment of the body, but 
also in segments that lie above and below a 
particular spinal nerve. 

It is not difficult to demonstrate the func- 
tional differentiation between the dorsal and 
ventral nerve roots. If a dorsal root is cut, 
the animal suffers an anesthesia, which is 
limited strictly to one side of one segment 
of the body. No sensations can originate from 
the receptors of this segment, nor can any 
reflexes be initiated if stimuli are applied in 
this area of the body. However, the muscles 
of the segment are not paralyzed, since these 
muscles can take part in other reflexes, pro- 
vided these reflexes originate in other seg- 
ments of the body. 

If the ventral root of a spinal nerve 1s cut, 
there is a localized unilateral paralysis in- 
volving only the muscles supphed by the 
particular nerve. After the operation these 
muscles cannot participate in any reflex. ‘The 
segment suffers no anesthesia, however, and 
reflexes involving other muscles of the body 


can originate from the receptors of the seg- 
ment. Essentially, the cutting of one or more 
ventral roots simulates the main symptoms 
of infantile paralysis, and, in fact, the virus 
of infantile paralysis does produce a degen- 
eration of the motor neurons that pass out 
from the spinal cord via the ventral roots. 

When a nerve is cut, the fibers that have 
been divorced from their cell bodies gradu- 
ally degenerate. Later, however, a new set 
of axons and dendrons may grow out along 
the remnants of the old fibers; and this trail 
of degeneration and regeneration makes it 
possible to trace out the origin and distribu- 
tion of a given set of nerve fibers, even within 
the mazes of the central nervous system. 

The Cranial Nerves. In primitive vertebrates, 
the cranial nerves develop on a segmental 
basis, but the brain of modern vertebrates 
has become so highly modified that the seg- 
mentation is obscured. The cranial nerves 
originate from the brain—or more precisely, 
from the sides of the brain stem (Fig. 25-10). 
Most vertebrates possess twelve pair of cra- 
nial nerves; Table 25-1 shows the cranial 
nerves of man. Reptiles, birds, and mammals 
possess the same nerves as man; but only the 
first ten pair are fully developed among the 
fish and amphibians. Some of the cranial 
nerves (I, II, and VIII) are purely sensory; 
others are mainly motor (IMI, IV, VI, XI, and 
XII); and the others (V, VII, FX, and X) are 
mixed nerves, containing sensory and motor 
fibers in fairly equal proportions. The sen- 
sory neurons of the cranial nerves, like those 
of the spinal nerves, have their cell bodies 
localized in ganglia situated near the nerve 
roots. 

‘The cranial nerves function like the spinal 
nerves, except that in many cases the cra- 
nial nerves are more closely associated with 
the higher centers of the brain. ‘This is espe- 
cially true of the main sensory nerves—from 
the eyes, ears, tongue, and nose—in which 
the fibers are routed almost directly to the 
cerebral cortex. 

Main Conduction Paths: Somatic Reflexes. 
The simplest possible reflex in a vertebrate 
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Table 25-1—The Cranial Nerves of Man 





N unriber Name 


Origin of the Sensory Fibers 





I “Olfactory Olfactory 
I] 


il 


Optic 
Oculomotor 


vv ‘Trigeminal 


yl Abcducens 


VIl Facial 


EN? Trochilear 


Auditory Cochlea (hearing) 
Vestibular Semicircular 
VITI | 
| movement, balance, rota- 
tron) 
Ibe Glossopharyngeal | Mucous 
Hex): “Waste 
posterior 
tongue 
< Vagus Lungs (reflex 


WMIUCOUS 


Propr loceptors in CVC Tits: 
cles (muscle sense) 


Eye muscles (muscle sense) 
Teeth. Skin of face 

Eye muscles (muscle sense) 
Taste buds of anterior two- 


thirds of tongue 


canals, 
culus, utriculus (senses of 


membrane of 
pharynx (swallowing re- 


one-third of 


control of 
respiratory rhythm). Mu- 
cous membrane of larynx. 
Arch of aorta (control of 
blood pressure). Stomach 








a: 


Termination of the Motor Fibers 


mem- | None 


brane of nose (smell) 
Retina of the eve (vision) 


None 

Muscles that move the eye 
(with IV and VJ). Muscles of 
accommodation (lens). Iris 
(constriction of pupil) 

Alscles: “that aneve. the eye 
(with IIT and VJ) 

Some of the muscles used in 
chewing 

Muscles that move 
(with IIT and IV) 


Muscles of the face. 


the eye 


Salivary 

(submaxillary 
subhngual) 

None 

None 


glands and 


ache 


Muscles of pharynx (swallow- 


ing). Salivary glands (parotid) 
buds of 


Heart (inhibition). Stomach, 
small intestine (augmentation 
of peristalsis). Muscles ol 
lan ae(speeciy) Niitscles::ol 
esophagus (swallowing). Gas- 


(hunger) tric glands (secretory) 

XI Spinal accessory \fuscles of shoulder (muscle | Muscles of shoulder girdle 
sense) (shoulder movements) 

NII Hy poglossal Tongue muscles (muscle | Muscles in tongue (tongue 
Selse) | mov J 





animal involves at least one sensory neuron 
and one motor neuron, to which impulses 
are passed directly in the gray matter of the 
same segment of the spinal cord (Fig. 25-14). 
However, such two-neuron arcs play no essen- 
tial role in behavior, except possibly in the 
case of very simple reflexes like the “knee 


jerk” and other proprioceptive reflexes from 
the tendons and muscles. Most responses in 
the intact anumal involve a number of asso- 
ciation neurons; and in the case ol supra- 
segmental reflexes, which involve the relay- 
ing of impulses through a higher center of 


the brain, the number of association neu- 
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CEREBRUM —_ 
MAIN SENSORY 


PATH 10 


CEREBRUM ~~ 










PATH FROM 
CEREBRUM TO 
fi | CEREBELLUM 









MOTOR PATH 
FROM CEREBRUM 








le 
<7? 
10 \ - me 
Seer pean ea , 
oo . 
rg 
AUDITORY-VESTIBULAR ta L 
NERVE (VIII) 
MAIN SENSORY PATH A 
SE R MOTOR PATH FROM 
sae -L-L—— CEREBELLUM T0 
MUSCLES 
fe L i 
MAIN PATH TO 
CEREBRUMN === === t ———SPINAL CORD 
: b |v 
Fig. 25-14. Some main. conduction DORSAL ROO! f ‘ VENTRAL ROOT 
pothwoys in the brain ond spinol cord FROM \ bee 
of man. Although the sensory pathways 
are shown on the left and motor path ae —— == Cees 


on the right in this diagram. actuolly 
both types of pothways ore biloteral. 


rons may be exceeding large indeed (see Fig. 
25-14). 

The spinal cord serves as the conduction 
pathway for impulses traveling upward to 
the higher centers and downward from the 
higher centers to effectors situated below the 
level of the head. In the spinal cord, more- 
over, impulses of different origins and desti- 
nations tend to follow certain rather specific 
main fiber tracts. 

Main Sensory Tracts. The association neu- 
rons that carry impulses from the pain and 
temperature receptors, cross over imme- 


a | P| 


diately to the opposite side of the cord and 
then pass upward toward the brain. But im- 
pulses from the touch and pressure receptors, 
and impulses from the proprioceptors of the 
muscles and tendons, do not cross over, but 
pass upward in the cord on the same side, 
that is, on the side where the stimulated re- 
ceptors are located. 

The localization of the main sensory tracts 
is clearly demonstrated in cases of unilateral 
injuries of the spinal cord. If only the right 
side of the spinal cord is crushed or damaged, 
the subject suffers a loss of ‘muscle sense” 
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and of touch and pressure sensations when 
stimuli ure apphed on the right side of the 
body, below the level of the lesion; but the 
loss of temperature and pain sensations is 
localized on the left side of the body, like- 
wise below the damaged level. 

Lacalization of Impulses in the Higher Centers, 
Especially the Cerebral Cortex. Proprioceptive 
impulses passing upward in the spinal cord 
ure routed mainly to the cerebellum, where 
the complex movements of the body are 
coordinated, bute other types of impulses go 
mainly to the cerebrum. In either case, how- 
ever, the crossing over of all impulses is com- 
preted by the time they reach: tie. higher 
centers. Thus pain and temperature im- 
pulses are shunted across at a relatively low 
level in the spinal cord, but other impulses 
pass across at a higher Jevel, in the brain 
stem. Each hall of the cerebrum and cere- 
bellum, therefore, is concerned with the 
transmission of impulses that ure derived 
from the receptors on an opposite side of the 
body. 


‘As 1s shown in Figure 25-15, the cerebral 
hemispheres sort out the dilferent kinds of 
impulses and transmit the several kinds 
through different areas of the cortex. Thus 
sensations and reflexes imitiated in the recep- 
tors of the trunk and limbs are abolished by 









AUDITORY 


HEARING SPEECH 


damaging specific areas in the upper mid- 
region of the cortex; whereas sensations and 
reHexes originuung from the special sense 
organs are definitely localized in other spe- 
cific areas of the cortex. 

The Main Motor (Pyramidal) Tract. The main 
motor area of the cerebral cortex, which 
sends impulses to the muscles of the arms, 
trunk, and legs, lies just anterior to the sen- 
sory area of the corresponding parts of the 
body (Fig. 25-15). Direct stimulation of this 
motor region produces convulsive movements 
in the different body parts, according to the 
focal point of the applied stimulus. Such 
movements tend to simulate the convulsions 
that are commonly recognized in epilepsy; it 
is generally agreed that some forms of epi- 
lepsy represent an abnormal hyperexcitabil- 
ity of the neurons of the motor area of the 
cerebral cones. 

The neurons of the motor area possess 
very elongate axons that pass downward 
through the brain stem to all levels of the 
spinal cord. These axons form a compact 
bundle of fibers, called the pyramidal tract, 
that begin to cross over in the lower part 
ol the brain stem, at the level of the pons 
(Fig. 25-12). Thus the pyramidal fibers from 
one side of the cortex finally reach the motor 
neurons of the various spinal nerves on the 





VISUAL 
SPEECH 






VISION 





Fig. 25-15. Lateral surface 
af the left cerebral cortex of 
man, showing the sensory and 
mator areas that directly con- 
nect with the lower parts of 
the nervous system. 
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Opposite side of the body. Injury to the spinal 
cord, therefore, results in serious motor im- 
pairments, in addition to the sensory losses 
mentioned previously. If only one side of the 
cord is crushed, all the muscles of that side, 
in segments below the level of the damage, 
are divorced from the higher centers and can- 
not be utilized for voluntary movements. 
The paralysis is not complete, however, since 
below the level of the injury, the intraseg- 
mental and intersegmental reflex arcs are still 
intact, permitting the fulfillment of local 
reflexes after the animal has recovered from 
a “temporary shock,” which lasts for some 
hours after the injury. 

The Autonomic Nerves: Visceral Reflexes. 
The responses of the internal organs, in the 
digestive, respiratory, urogenital, and circu- 
latory systems, are performed mainly through 
the agency of visceral muscle and glands, or, 
in the case of the heart, by cardiac muscle. 
These visceral effectors differ from skeletal 
muscles, in that each receives a double set of 
motor fibers from the central nervous system. 
One set of fibers comes to the organ by way 


of the sympathetic nerves, and the other 
fibers by way of the parasympathetic nerves. 
Moreover, the sympathetic and parasym- 
pathetic fibers always antagonize each other 
as to their action upon the visceral organ. 
Thus if one set of fibers augments activity, 
the other invariably depresses activity in the 
organ, as may be seen in Table 25-2. 

By means of such a mutually antagonistic 
action, the sympathetic and parasympathetic 
nerves exert a joint control in all visceral 
reflexes; and thus it is convenient to desig- 
nate the sympathetic and parasympathetic 
nerves collectively as the autonomic nervous 
system (Fig. 25-16). Actually the autonomic 
system Is just a physiological subdivision of 
the peripheral nervous system, and the auto- 
nomic nerves, like other peripheral nerves, 
depend upon the brain and spinal cord for 
central connections in the completion of all 
reflex arcs. Visceral reflexes, however, gen- 
erally have their association centers in the 
brain stem (medulla), and visceral reflexes 
seldom reach the level of consciousness, or 
voluntary control. Thus the rhythm of the 


Table 25-2—Action of the Autonomic Nerves 


Sym pathetic (Adrenergic) 
Nerves (Action of) 


Effector Organs 


Digestive tract (stomach, 

small intestine, colon, stalsis; decreases tone 
rectum) 

Heart 


Blood vessels, especially the 
arteries and arterioles of 
skin and viscera 

Muscle fibers in walls of the 
bronchi and other re- 
spiratory passages 

Iris muscle fibers in eye 

Urinary bladder 


Depresses; 


Hair erector muscle 
Sweat glands 
perspiration 





Depresses activity; slows peri- 


Augments activity; strengthens 
and accelerates the beat 

Augments tone; vasoconstric- 
tion; elevates blood pressure 


dilates 
easier breathing 


Depress tone; dilates pupu 
Depresses tone; dilates bladder 


Augments tone; erects the hair 
Augments secretion; profuse 





Parasym pathetic (Cholinergic) 
Nerves (Action of) 


Augments activity; accelerates 
peristalsis; increases tone 


Depresses; weakens and slows 
the beat 

Depresses tone; vasodilation; 
lowers blood pressure 


Augments tone; constricts pas- 
sages; harder breathing 


passages; 


Augments tone; constricts pupil 

Augments tone; constricts 
bladder 

Depresses tone; hairs lie flat 

Depresses secretion; scanty per- 
spiration 
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Distribution ond connections of the outonomic nervous system. The heavy lines 


represent pregonglionic fibers; the dotted lines, postganglionic fibers. 


heartbeat, or the peristaltic movements of 
the gastrointestinal tract, although regulated 
by reflexes, cannot be controlled on a voli- 
tional basis. 

One peciliar feature of the autonomic 
nerves lies in the fact that motor impulses, 
leaving the spinal cord or brain, reach the 
effector organ, not by way of a single neuron, 
as in the case of the skeletal muscles, but 
always by a relay of two neurons. In every 


case the autonomic nerve is interrupted by 
a motor ganglion in which the preganglionic 
neurons establish synaptic connections with 
a second relay of postganglionic neurons 
(Fig. 25-16). Each preganglionic neuron trans- 
mits its impulses to several or many post- 
ganglionic nerve cells, and this arrangement 
tends to spread visceral responses rather 
diffusely, making them less precisely local- 
ized than somatic reactions. In the autonomic 


Responses of Higher Animals: The Nervous System - 467 


system, all preganglionic fibers are covered 
by myelin sheaths, but all postganglionic 
fibers are nonmyelinated. 

Most of the ganglia of the sympathetic 
system are Jateral ganglia, which lie in close 
proximity to the roots of the spinal nerves, 
in the so-called sympathetic chain. This gan- 
glionated strand ol nerve Ussue extends along 
the vertebral column on either side of the 
body, from the neck, through the thorax, to 
the abdomen (Fig. 25-16). A few of the sym- 
pathetic ganglia, such as the coeliac and 
other collateral ganglia, lie in the abdominal 
mesentery, some distance from the cord. In 
either case, however, each sympathetic gan- 
glion exchanges numerous fibers with the 
nearest spinal nerve. As may be seen in Fig- 
ure 25-13, some of these fibers are sensory 
fibers derived from receptors in the visceral 
organs; others are preganglionic fibers pass- 
ing to the lateral or collateral ganglia; while 
the rest are postganglionic fibers, which re- 
turn from the lateral ganglion to the spinal 
nerve. ‘Thus each spinal nerve distributes 
quite a number of sympathetic fibers to the 
visceral effectors (arterial. walls, sweat glands, 
and hair-erection muscles) in each segment 
of the body wall. From the collateral gan- 
glia, however, all the postganglionic fibers 
proceed to the various visceral organs by 
way .of a number of relatively fine non- 
myelinated nerves (Fig. 25-16). 

The preganglionic fibers of the parasym- 
pathetic system are mainly distributed by 
the vagus nerves. This tenth and largest pair 
of the cranial nerves arises from the brain 
stem and passes posteriorly through the neck, 
thorax, and abdomen, sending branches to 
the heart, respiratory organs, and to the 
gastrointestinal tract as far as the small intes- 
tine. The vagus, however, is not the only 
channel for transmitting parasympathetic 
fibers to the visceral effectors. The lens, 
pupil, and salivary glands receive their para- 
sympathetic innervation via other cranial 
nerves (IJ and VII); while the urogenital 
organs and the large intestine are supplied 
by parasympathetic nerves originating from 


the spinal cord in the pelvic region, close to 
the posterior termination of the cord (Fig. 
25-16). 

The preganglionic fibers of the vagus and 
other parasympathetic nerves establish syn- 
aptic contact with postganglionic fibers in the 
parasympathetic ganglia, which lie very close 
to the organs that receive the innervation 
(Fig. 25-16). Thus all postganglionic neurons 
in the parasympathetic group possess rela- 
tively short axons, which terminate in con- 
tact with effector cells in some particular 
visceral organ. 

As stated previously (p. 455) the synaptic 
transmitter, or excitatory substance, of the 
postganghonic neurons of the parasympa- 
thetic system is acetylcholine; whereas the 
equivalent agency in the sympathetic system 
is noradrenaline. 


BEHAVIOR 


To analyze the full pattern of responses 
in the individual animal—in short, to study 
the behavior of the organism as a whole— 
would be to usurp the subject matter of psy- 
chology. Consequently the present account 
of behavior will be limited very strictly to 
considerations of general biological impor- 
tance. 

The modern tendency is to explain all 
discontinuous responses (p. 189) in terms of 
the intricate interconnections of the nervous 
system. he nervous system consists essen- 
tially of a very extensive network of reflex 
arcs, some simple and others very complex, 
but all interrelated both anatomically and 
functionally, via a multitude of association 
neurons in the brain, spinal cord, and afhli- 
ated ganglia. 

Vertebrate animals are able to perform 
quite a number of fairly complex, though 
highly standardized, responses, even without 
any preliminary training or conditioning. 
The human infant, for example, immediately 
begins responding to the manifold stimul: of 
the environment by performing a number of 
complex actions, and the child executes these 
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responses just as well initially as subse- 
quently. The infant starts breathing; it sucks 
upon the breast; it salivates when anything 
is placed in the mouth; and so forth. In fact, 
even before birth, while the fetus is 77 wtero, 
many visceral responses, such as the heart- 
beat and the peristaltic movements of the 
gastromtestinal tract—and some somatic re- 
sponses, such as movements of the arms and 
legs—begin to take place at approprnite 
stages in development. 

Unconditioned Reflexes. Regardless of 
complexity, any standardized response to a 





standardized sumulation, which can be exe- 
cuted by an organism without benefit of pre- 
vious experience, is called an unconditioned 
reflex. In higher animals such responses in- 
dicate the existence of a number of /righly 
conductive reflex arcs, in which the synapses 
offer virtually no resistance to impulses, even 
in the absence of the facilitating effects of 
previous transmission, 

Depending on complexity, unconditioned 
reflexes are classified as (1) simple uncondi- 
tioned reflexes, which involve only a few 
quite localized receptors and effectors: and 
(2) compound unconditioned reflexes—for- 
instincts—which 
many receptors and effectors, acting in se- 
quence. Essentially, rt is thought, compound 
reflexes represent <a tray “ol mterlocking 
simple reflexes, each touched olf by its prede- 
cessor. However, the line of distinction be- 
tween simple and compound retlexes Is quite 
arbitrary. In man, for example, coughing, 
salivating, and swallowing are usually classi- 
hed as simple reflexes, whereas sucking, chew- 
ing, and spitting out disagreeable material 
are regarded as compound reflexes. 


merly known as involve 


A conspicuous feature of unconditioned 
reflexes is their survival value to the organ- 
isin, In niost cases, they sere in. one way Or 
another to secure the welfare of the indt- 
vidual and to foster the perpetuation of the 
species. This characteristic, however, does 
not imply any consciousness on the part of 
the animal as to the consequences of ifs acts. 
It merely means that different organisms have 


developed a structural and functional capac- 
LLY “10s <EMeGiIte. (Cer lalacselispreservine ie 
sponses, and these organisms continue to 
survive and perpetuate themselves, each ac- 
cording to its kind. 

The lack ol any ‘conscious purpose” in 
unconditioned retlexes is clearly shown by 
the fact that their “usefulness” applies only 
under the natural conditions of the animal's 
age-old habitat. When some teature of the 
Natural environment is changed, the animal 
stil] respotids im the sane. old way fo: the 
same old stimulus, even though the response 
may now be useless, or even myurious. Moths, 
for example, always Hy toward the light. 
Under primeval conditions this was un- 
doubtedly a useful response, since the moth 
is a nocturnal flyer and depends upon white 
or light-colored flowers as a source ol nectar. 
But with the introduction of fires and lamps 
into the moth’s environment, this response 
became virtually suicidal—but nevertheless 
it persists. The moth flies into the flame for 
the same reason that it flies to a white flower 
—not because it knows the Hower to be nutri- 
tious, nor because it thinks the flame to be 
a flower—but because its eyes, nervous sys- 
tem, and wing muscles are so connected that 
an unequal illumination of the two eyes sets 
up reactions that autoniitically turn it to- 
ward the light. Likewise, a majority of the 
complex and seemingly purposeful actions of 
lower vertebrates—such as fish, amphibians 
and reptiles 
in nature. And even in the birds and mam- 


are machinelike and unvarying 





mals, many of the reactions most essential to 
survival are purely unconditioned, that is, 
quite independent of experience and learn- 
ing. 

Modifiability of Behavior: Conditioned 
Reflexes. In higher animals especially, the 
same stimulus does not invariably elicit the 
same. Tesponsé sind there are. a niiniber ol 
bactors thal-may,.10-a-oreater-or lesserexient: 
modify the outcome of a given stimulation. 
Combinations of two or more stimuli, applied 
simultaneously or in close succession, often 
change the response that would be evoked by 
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either one alone. This change may consist in 
(1) reinforcement, a stronger response than 
usual; (2) inhibition, a weaker response, or 
none at all; or (3) modification, a different 
response than either stimulus alone would 
evoke. All these phenomena depend upon 
the particular connections, within the ner- 
vous system, of the reflex arcs involved, and 
also upon the time and intensity relations of 
the nerve impulses traversing the various 
arcs. Thus the hehavior of an individual is 
determined not by a single stimulus, but by 
the entire s?twation, that is, the total pattern 
of stimul impinging on the animal at any 
given moment. 

All learned responses of an animal, the 
fulfillment of which depends upon previous 
training or experience, fall into the category 
of conditioned reflexes. Such conditioned re- 
flexes are frequently extremely complex and 
indirect; and the many factors that deter- 
mine this type of behavior are difficult to 
investigate experimentally. However, the 
classical experiments of Pavlov, which were 
mentioned previously (p. 307), have served 
to initiate many experiments on the learning 
process. 

Conditioned responses are superimposed 
upon the unconditioned reflexes of an ani- 
mal, such as a dog, by a process of substitut- 
ing one kind of stumulation for another. In 
an unconditioned dog, for exaniple, only thie 
actual presence of food or other material 
in the mouth will elicit the salivation reflex; 
but if another kind of stimulus 1s applied 
each time the animal ts fed, soon the foreign 
stimulus alone will evoke a flow of saliva. In 
other words, the dog has “learned” to sali- 
vate at the sound of a dinner bell, or at the 
smell of a tasty morsel—or whenever any 
other stimulus, however bizarre, is applied 
repeatedly, in close association with the 
original stimulus. 

The capacity to form conditioned reflexes 
is more highly developed in vertebrates as 
compared to invertebrate animals, and in 
birds and mammals as compared to lower 
vertebrates. Among vertebrates, the condi- 


tioning potentiality is definitely related to 
the development of the cerebral cortex; and 
if this part of the brain is destroyed, the ani- 
mal loses almost all previously acquired 
learning as well as virtually all capacity for 
forming new conditioned responses. Appar- 
ently impulses from all the receptors of the 
body converge upon the association neurons 
of the cerebral cortex and tend to be shunted 
into motor pathways that at the moment 
are superexcitable because they are simul- 
taneously engaged in carrying out some well- 
established reflex. Consequently other stimuli 
acting simultaneously with an original stimu- 
lus tend to establish an associative connection 
with the original stimulus. Furthermore, any 
repetition of this association tends to facili- 
tate the new synaptic connections anid to 
estabhsh the “habit” of the new response. 

Birds and mammals stand strikingly above 
all other ammials in their ability to learn. 
Among mammals, an especially high degree 
of educability is found in some of the larger 
carnivores and herbivores, such as dogs, 
horses, and elephants. These animals are not 
intelligent because they are domesticated— 
they are domesticated because of their intel- 
ligence, that 1s, their ability to be trained. 
The highest development of intelligence, 
however, is found in the primates—-monkeys, 
apes, and man. There can be no doubt that 
monkcys—-even after making all due allow- 
ance for their enormous advantage in the 
possession of hands—display distinctly more 
intelligence than four-footed mammals. Mon- 
keys quickly Icarn to employ tools as a means 
to an end—tor example, a stick to secure 
food that is out of reach. Monkeys also dis- 
play more initiative and curiosity than other 
animals, and in these features their behavior 
approaches that of man. Moreover, the an- 
thropoid apes—which resemble man most 
closely in the structure of their bodies and 
especially of their brains—are more nearly 
“human” in their behavior than the tailed 
monkeys. 

Behavior of Man: Language. An older 
point of view regarded human behavior as 
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sharply distinct from that of other animals. 
Man was said to act by “reason,” in contrast 
to the instinctive behavior of other animals: 
but no such sharp distinction can be drawn. 
Man displays many simple reflex and instinc- 
tive responses, While many of the higher ani- 
nals show more or less intelligent behavior. 
On the other hand, many writers, in attempts 
to minimize the differences between human 
and other animal behavior, have perpetuated 
highly exaggerated accounts and utterly un- 
critical interpretations of the “intelligent” 
behavior of animals. The truth probably hes 
in the other chirection: that ts, far more of 
human behavior than is commonly supposed 
is purely instinctive and automatic. Never- 
theless, there is an enormous gap between the 
achievements of man—at least of civilized 
and those of other animals. The essen- 
tial clue to this difference seemis to lie in one 
peculiar leature of human behavior: Jan- 
guage. Every known race of man has some 





man 





kind of language; and there is no good evi- 
dence that any other animal has developed 


any truly equivalent system of communica- 
tion. 

A word is both a response and a stimulus. 
On the one hand, a word is a conditioned 
reflex that may be elicited by a variety ol 
substituted stimuli; and on the other hand, 
it) 1s 2 stimulus: that has been substituted 
for many other stimuli. In short, a word is a 
relatively stmple motor act that “sums up” 
1, vast animount ol ex penecnce, i Worle a 
vehicle of experience; and this distinguishes 
words from purely instinctive or emotioné! 
sounds, which are uttered by many animals. 
Language consists not merely of words, but 
of combtnations of words. The separate 
words are, in general, purely imitative, but 
the word combinations are largely original. 
Every conditioned reflex involves an clement 
of originality, in a sense; that 1s, 1t represents 
a new combination of stimuli and responses, 
so far as the individual animal is concerned. 
Thus language may be described as a mode 
of behavior that enormously extends the 
range of original responses mm all mankind. 


TEST QUESTIONS 


]. Explain how the nerve impulse (a) differs 
from, and (b) is similar to, the state of excita- 
tion an cells generally. 

2. Discuss the fatigue susceptibilities of nerve 
and muscle and relate this problem to the 
relative rates of oxidative metabolism. 

3. Differentiate between the members of each 
pair of terms: 

a. the absolute and relative refractory 
periods 

b. the relative refractory period and the 
supernormal penod 

c. centralized and decentralized nervous 

SyStels 

d. the peripheral and central parts of the 
nervous system 

e, afferent and efferent nerve fibers 

{. neurons and protoneurons 

g. a nerve fiber and a neuron 

h. axons and dendrons 

4. Nerve impulses do not grow weaker as they 
are transmitted along an axon. Explain this 


statement carefully. 


5. Differentiate between the members of each 
pur of terms: 
a reflex arc and a reflex act 


~ 


bo unilaceralaind bilateral reflexes 

c. intrasegmental and intersegmental re- 
flexes 

d. association neurons and other neurons 

6. What are the synapses and why have synapses 
been studied so intensn clye 

7. Explain the interrelationships between 
the synapses and the law of “forward direc- 
tion.” 

8. Discuss briefly cach of the following topics 
in relation: 16 thé behavior ayican intact-ani- 
mal: (a) synaptic block; (b) synaptic resist- 
ance; (C) synaptic summation; (da) synaptic 
fatigue; (e) facilitation. 

9. Explain how electron microscopy has con- 
tributed to our knowledge about synapses. 

10. Explain the meaning and significance of the 
following terms: (a) neurosecretions. or neu- 
rohumors, (b) synaptic transmitters;  (c) 
acetylcholine; (d) cholinesterase: (e) cholin- 


ele 
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ergic; (f) noradrenaline; (g) adrenergic; (h) 
microvesicles, or microsecretory vesicles: (i) 
serotonin: (j) factor S; (k) factor I. 
Discuss the various functions of the cell body 
and dendritic regions of neurons. 
Explain the terms: (a) pacemaker potential; 
(b) decremental conduction; (c) generator 
potential. 
How does the central nervous system of a 
vertebrate such as man differ from that of an 
invertebrate such as the earthworm in regard 
to: (a) general structure and position in the 
body; (b) relative development of the “higher 
centers’; (c) general function? 
Differentiate between gray matter and white 
matter: (a) in general; (b) in the spinal cord; 
(c) in the cerebrum and cerebellum. 
Differentiate between: (a) somatic and vis- 
ceral reflexes; (b) the cranial and the spinal 
nerves; (c) the dorsal and ventral roots of a 
spinal nerve. 
Carefully describe the results of each of the 
following operations: 
a. cutting the dorsal root of one spinal 
nerve 
b. cutting the ventral root of a spinal 
nerve 
c. a right hemisection of the spinal cord 
d. cutting the olfactory nerves (cranial 
NERVe..) 
e. cutting the facial nerves (VII) 
f. cutting the vagus nerves (X) 
Differentiate between: 
a. the functions of the cerebrum and the 
cerebellum 


FURTHER 


1. Forced Movements, Tropisms, and Animal 
Conduct, by Jacques Loeb; Philadelphia. 
1918. 

The Integrative Action of the Nervous System, 
by C. S. Sherrington, New York, 1947. 
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18. 


19. 


20. Differentiate between: 
a. lateral and collateral ganghia 
b. sympathetic and parasympathetic gan- 
glia 
c. preganglionic and postganglionic neu- 
rons 
21. Describe an experiment that demonstrates 
the existence of: (a) a parasympathetic ex- 
citatory substance (acetylcholine); (h) a 
sympathetic neurohumor (noradrenaline). 
22. Distinguish clearly between (a) simple and 
compound reflexes and (b) conditioned and 
unconditioned reflexes, citing at least one 
example in each case. 
23. Briefly discuss the relations between: 
a. unconditioned responses and the sur- 
vival of a species 
b. facilitation and the establishment of 
conditioned reflexes 
c. the development of the cerebral cortex 
and an animal’s capacity to form con- 
ditioned reflexes 
READINGS 
3. Lectures on Conditioned Reflexes, by I. P. 
Pavlov; New York, 1928. 
+. Articles by Donald Kennedy, Ernst Florey, 


b. the sensory and motor areas of the 
cerebral cortex 
c. sensory and motor tracts 
d. the pain-temperature tracts and the 
touch-pressure tracts 
How do visceral reflexes differ from somatic 
reflexes in regard to: (a) the innervation of 
the effector organs; (b) myelination of the 
motor nerve fibers? 
Explain the antagonistic action of the sym- 
pathetic and parasympathetic nerves, using 
the heart and the digestive tract to exemplify 
the discussion. 


and Theodore H. Bullock in American Zoolo- 


gist, vol. 2, no. 1, 1962. 


PART |V-Heredety and Evolution 


A©=Heredity 


THE DISTINCTIVE individuality of each 
living thing depends not only upon parental 
heritage but also upon environmental ex- 
perience. However, the potency of the envi- 
ronment in shaping the form and function 
of each individual will be disregarded for 
the present, and all attention will be focused 
upon the factors of heredity. 


IDENTIFYING THE MACHINERY OF 
HEREDITARY TRANSMISSION 


Heredity depends upon the protoplasmic 
continuity between parent and offspring. But 
all that a parent generally contributes to the 
offspring is a small sample of its own proto- 
plasm, usually in the form of a single gamete 
cell 

Excluding asexua] modes of reproduction, 
which will be considered separately, only the 
gametes establish continuity between parents 
and offspring, and consequently the mecha- 
nism of hereditary transmission must operate 
across this exceedingly slender protoplasmic 
bridge. 

The processes of sexual reproduction indi- 
cate very clearly that the hereditary potency 
of the cytoplasm is not nearly as great as that 


of the nucleus. In a vast majority of organ- 
isms, the male gamete contains virtually no 
cytoplasm as compared with the large amount 
present in the egg—and yet the male and 
female gametes contribute equally to the 
hereditary qualities of the offspring. This 
indicates that the machinery of inheritance 
lies mainly in the nuclei—or more particu- 
larly in the chromosomes—of the gamete 
cells. The chromosomes, in fact, are the only 
entities that are always passed on in equal 
quantities from parents to offspring 1n sexual 
organisms generally. 

Modern genetics began to develop very 
rapidly in 1910 under the leadership of 
Thomas Hunt Morgan, and since that time 
geneticists in all parts of the world have 
cooperated in establishing the chromosome 
theory of heredity. In fact there now exists 
a vast amount of experimental evidence 
that proves conclusively that (1) chromo- 
somes are the essential agencies in the trans- 
mission of hereditary traits; (2) each chro- 
mosome is made up, essentially, of a linear 
sertes of definitely localized units, called 
genes; (3) each gene is a decisive factor in 
determining one or more hereditary qualities 
in every individual organism. 
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CONTINUITY OF THE GERM CELLS 


In multicellular species, some but not all 
of the cells retain the potentiality of trans- 
mitting the1r chromosomes to the cells of the 
next generation. ‘These germ cells stand in 
contrast to the somatic cells, which cannot 
perpetuate their chromosomes beyond the 
hfetime of organisin, The 
somatic cells of an organism are destined to 
die with the individual, but the germ cells 
are potentially immortal (Fig. 26-1). Only 
the germ cells estabhsh continuity from tn- 
dividual to individual in each successive 
generation, and only changes in the germ 
cells are effective in changing the hereditary 
destiny of the species. Accordingly, it is neces- 
sary to follow the germ cells and to deter- 
mine how these cells transmit their chromo- 
somes to the gametes and to the offspring. 

Collect at 


the individual 


Among sexual organisms, anv 





GERM PLASM 


stands in line of descent of the eggs or sperm 
is a germ cell. The germ cells include not 
only the sperm and eggs but also the zygote 
and some of the cells of the developing em- 
bryo, even before the gonads become difter- 
entiated (Fig. 26-2). These early primordial 
germ cells eventually come to lie in the 
gonads—but now they are called by a differ- 
ent name. In the gonads, while they are mul- 
tiplying by repeated mitotic divisions, the 
germ cells of an animal are called gonta; 
more specifically, in the testis of the male 
animal the germ cells are called sperma- 
togonia, in contrast to the oégonia, which he 
in the ovaries of the female. 
Gametogenesis: Maturation of the Gam- 
etes. In the gonads of the adu/t, the eggs and 
sperm begin to undergo maturation; and 
during maturation the chromosomes of the 
ripening eggs and sperm go through similar 
stages of development. However, there are 


J (PROTOPLASM OF 
x THE GERM CELLS) 


SUCCESSIVE J » 
GENERATIONS 


RELATION BETWEEN GERM PLASM 


AND SOMA IN ASEXUAL 
REPRODUCTION 


Fig. 26-1. 


reproduction is sexual or asexual. 


em J 


/ x 
Z 


RELATION BETWEEN GERM PLASM 
AND SOMA IN BIPARENTAL 
SEXUAL REPRODUCTION 


The germ cells maintain continuity from generation to generation, whether the 
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Fig. 26-2. 


certain differences, and this makes it neces- 
sary to give a separate description of the 
maturation of the two kinds of gametes. 

A very brief description of the maturation 
of the sperm was given previously (Chap. 3), 
but now it is necessary to follow the process 
more closely. In the testes, when a spermato- 
gonium stops multiplying by mitosis and be- 
gins to grow, it is a sign that the meiotic 
divisions are about to occur (Fig. 26-3). Now 
each germ cell is called a primary spermato- 
cyte and each primary spermatocyte is des- 
tined to form four sperm (Fig. 26-3). In fact, 
the growth of the primary spermatocyte pro- 
ceeds simultaneously with the long prophase 
of the first meiotic division; and during this 
growth stage the pairs of chromosomes en- 
gage themselves in synapsis (Fig. 26-4). After 
growth and synapsis, the first and second 
meiotic divisions usually proceed quite rap- 
idly. First the two secondary spermatocytes 


Continuity of the germ cells in the life cycle of the frog. 1, the 
fertile egg—the shaded creo becomes cytoplasm of the germ cell; 2, 8-celled 
stage; 3, 32-celled stage; 4, blastula showing 4 germ cells; 5-7, successive stages 
in the development of the gostrula, shawing germ cells; 8-10, metamorphosing 
frogs; 11, mature frog with eggs in ovary ready to be discharged. (After 
Conklin. From Guyer, Animal Biology. Permission of Horper ond Row.) 


are formed, and then each secondary sperma- 
tocyte divides. This second of the meiotic 
divisions forms the four spermatids, which 
soon grow tails and become actively motile 
sperm (Fig. 26-3). 

The diploid nature of the germ cells prior 
to the meiotic divisions follows from the fact 
that they are derived entirely by mitosis 
from the original zygote that produced all 
the cells of the individual. But when the 
meiotic divisions have been completed all the 
sperm are haploid (Fig. 26-4). The single 
haploid set of chromosomes that is carried 
by the sperm represents the essential contri- 
bution of the male parent toward the heredi- 
tary constitution of the offspring. 

Odégenesis differs from spermatogenesis 
mainly as to the behavior of the cytoplasm 
during the meiotic divisions. In the case of 
the ripening egg (Fig. 26-3), the growth 


period, during which synapsis occurs, is more 
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pronounced; and due to an accumulation of 
yolk, the primary odcyte becomes very much 
larger than the primary spermatocyte. But 
more important still is the fact that the two 
meiotic divisions that follow are highly 
unequal as to the apportionment of cyto- 


plasm among the four resulting daughter 
cells (Fig. 26-3). One cell, which is the ripe 
egg, recetves virtually all the accumulation 
of yolk and cytoplasm, whereas the polar 
bodies receive only an insignificant fraction 
(Fig. 26-5). Thus the ripe egg, if fertilized, is 





TELOPHASE OF LAST GONIAL 


ae 


OYNAPSIS 





Ist MEIOTIC DIVISION 
Fig. 26-4. 


equipped to develop into an embryo, but 
the polar bodies are not. 

The behavior of the chromosomes during 
the maturation of the eggs is precisely the 
same as it is during the maturation of the 
sperm (Fig. 26-4). Consequently the net re- 
sult of odgenesis is the production of four 
haploid cells, but only one of these can func- 
tion as the female gamete. When fertilization 
occurs, this ripened egg transmits its haploid 
set of chromosomes to the nucleus of the 


PINT Isa neewe e+ av 


Fig. 26-5. Second polar body forming 
at the surface of the maturing egg of 
the whitefish. This photograph shows 
the telophase of the second meiotic 
division. Note that the polar body 
(above) receives a full (haploid) set of 
chromosomes, but only a very small 
fraction of the cytoplasm. Most of the 
cytoplasm is retained by the ripe egg 
cell. (Copyright, General Biologicol Sup- 
ply House, Inc.) 
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PROPHASE STAGE SHOWING 
CHROMOSOMES, BEGINNING TO 
PAIR 
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is 
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2nd MEIOTIC DIVISION FOUR HAPLOID GAMETES 


Diogram of meiosis in a cell possessing three pairs af chramasomes. 


zygote, and this is the essential donation of 
the female parent to the genetic constitution 
of the offspring. 

Free Assortment of Chromosomes during 
Meiosis. As was emphasized previously (p. 
51), the fact that only one division of the 
chromosomes occurs during the two meiotic 
divisions results inevitably in a reduction of 
the chromosome number of the gametes as 
compared to the other cells of the animal. At 
one point or another during meiosis the 
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members of each homologous pair of chro- 
mosomes become separated from each other, 
and each mature gamete comes to possess just 
a single member of each chromosome pair. It 
is, however, entirely a matter of chance as to 
which member of any chromosome pair goes 
to a particular gamete, and the various pos- 
sibilities occur with equal frequency. 

Take lor example the sperm lormed from 
spermatogonia possessing two pairs of chro- 
mosomes, namely: 


Aa 
Bb 


During spermatogenesis, this type of germ 
cell can produce only four kinds of sperm, 
namely: 


a a A a 
B b b B 


These sperm will be produced in equal num- 
bers, -simee each chromesome. jaas, the sane 
chance of finding its way mto any of the 
gametes. Similarly, oogonia with two pairs of 
chromosomes can produce only four kinds of 
eges, with corresponding combinations of 
chromosomes. 

But if the spermatogonia (or o6gonia) 
possess three pairs of chromosomes, namely: 


Aa 
Bb 
Cre 


the following eight kinds of gametes will be 
produced m equal numbers: 


A a q A a Aa 
B Db B b b Bob B 
G Cc <«@ Ce VC Coe c 


When an individual animal produces eggs 
or sperm, therefore, the several chromosomes 
that swere received from its maternal and 
paternal parents are free to assort themselves 
at random in the next generation of gametes; 
however, one member of every pair of chro- 
mosomes is always (normally) represented in 
every gamete produced, 

In plants, the origin of the haploid gam- 


etes is less direct than in animals, but essen- 
tially the same system of transmitting chro- 
mosomes from parent to offspring Is at work. 
Among plants, fertilization does not take 
place immediately after meiosis. Instead, a 
whole haploid generation, the gametophyte 
and the diploid con- 





generation, intervenes 
dition is not restored until the gametes unite, 
forming a sygote and initiating the sporo- 
phyte generation. This peculiarity, however, 
does not fundamentally alter the processes of 
heredity, which are essentially similar in all 
sexual organisms. 


BREEDING EXPERIMENTS 


The first accurately controlled and _thor- 
oughly documented breeding experiments 
were published in 1866 by Gregor Mendel. 
This Austrian monk worked with garden 
peas; and by strictly controlling the pollina- 
tion of his plants, Mendel discovered a well- 
defined pattern that governed the transmis- 
sion of a number of hereditary features, such 
as color, height, hardiness, etc., throughout 
many sticcessive generations. The importance 
of Mendel’s experiments was not recognized, 
however, until about 1900. By this time 
much more had been learned about chro- 
mosomes; and now biologists were ready to 
recognize the crucial role of the chromo- 
somes in the fulfillment of the Mendelian 
laws. 

Genetic experiments presuppose a very ac- 
curate knowledge of the stocks that are to be 
crossed. The aim is to study the transmission 
of single hereditary differences, either sepa- 
rately or in combination, by crossing two 
stocks and determining the numerical dis- 
tribution of the hereditary peculiarities 
among the offspring. But unless the number 
of differences 1s relatively small, an analysis 
of the results becomes very complex. Conse- 
quently 1 was most fortunate that Mendel 
began his work with a self-pollinating species 
of plant, in which the original stocks pos- 
sessed a high degree of genetic homogeneity. 

Modern genetics owes a great debt to a 








Fig. 26-6. Male and female fruit fly, Drosophila 
melanogaster. (After Morgan. From Guyer, Animal 
Biology. Permission of Harper and Row.) 


diminutive animal, Drosophila melanogaster, 
commonly called the fruit fly (Fig. 26-6). 
Morgan and his students found that Droso- 
phila is ideally suited for experimental breed- 
ing. At the age of 12 days these little flies 
begin to breed; and by the end of three 
weeks a single female can produce 300 off- 
spring. Accordingly, within 3 years it is pos- 
sible to study more than 60 generations of 
Drosophila—or about as many generations 
as have accrued to mankind during all the 
Christian era. Furthermore, many specimens 
of Drosophila can be housed in a single milk 
bottle; and the food of Drosophila, which is 
mainly yeasts, growing on fermenting ba- 
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nanas, Is a negligible laboratory expense. Be- 
cause of these advantages, experiments on 
Drosophila have pioneered practically all 
advances in modern genetics. However, the 
laws of heredity, as worked out in Drosophila 
and other lower forms, have proved to be 
generally applicable to man and all other 
higher organisms. 

Mendelian Inheritance: Segregation. The 
law of segregation deals with the transmis- 
sion ol a single hereditary difference from 
parent to offspring in successive generations. 
Mendel worked out the law of segregation 
by studying the inheritance of flower color; 
but our first example will be chosen from a 
special breed of chicken, the Andalusian fowl 
(Fig. 26-7). 

‘Two stocks of Andalusians have been cul- 
tivated for many years: one white and the 
other black. If these stocks are inbred, white 
to white, or black to black, no change of 
feather color ever appears: white crossings 
never (barring mutation) yield anything but 
white offspring, and black crossings yield 
only blacks. 

If a white hen (or rooster) is crossed to a 
black mate, all the offspring display an inter- 
mediate pigmentation—a sort of gray-blue. 
But if any two of these offspring are inbred, 
25 percent of the offspring are pure white, 
like the one grandparent; 50 percent are blue, 
like the immediate parents; and 25 percent 
are pure black, like the other grandparent. 
Or, to state these results more technically, 
when the P, (first parental) generation of 
Andalusians are pure white and black re- 
spectively, all individuals of the F, (first 
filial) generation will be blue; but the F, 
(second filial) generation, obtained by in- 
breeding the F,, consists of white, blue, and 
black fowl in a ratio ef 1:2:1 (Fig. 26-7). 
Furthermore, by inbreeding the different 
kinds of F. individuals the same results are 
obtained: whites always give only whites; 
blacks give only blacks; a white and black 
yield all blues; and a blue crossed with a blue 
gives a 1:2:] ratio of whites, blues, and 
blacks. 
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Fig. 26-7. 





Cross between o splashed white ond a block Andolusion fowl. The 


hybrid is populorly called a “blue’’ Andalusian fowl. Jone Wyatt. From 
MocDougall and Hegner, Bialagy. McGraw-Hill Book Co.) 


Provided the F, hybrids are clearly dis- 
tinguishable from both of the pure line par- 
ents, similar results are always obtained in 
any one-factor cross, in which the mated in- 
dividuals possess just a single hereditary cf- 
ference. 

Whe results -o1-this-and -all-otier similar 
breeding experiments can be explained by a 
very simple hypothesis, which has been sub- 
stantrated by many lines of evidence. ‘The 
feather color differences are due to a single 
pair of genes that are localized in a particu- 
lar pair of homologous chromosomes. Black 
fowls, when inbred, never give rise to any 
white offspring, and consequently it 1s cer- 
tain that the black stock has both of the 
feather color genes of the same kind (8B), 


which fosters the production of black pig- 
ment (Fig. 26-7). Similarly, inbred white fow]s 
always produce only white progeny, so that 
both of the feather color genes of this stock 
must be of the same kind (b) which is not a 
pigment producer (Fig. 26-7). Or to phrase 
these ideas more technically, the black An- 
dalusian is said to be homozygous (BB) with 
reference to the “black gene”; whereas the 
white fowl is homozygous (bb) as to the 
“white gene.” Furthermore, this genic condt- 
tion obtains in all the diploid cells of the 
organism, since all the cells have been de- 
rived by mitosis from the same fertilized egg. 

Granting these assumptions, the results of 
the breeding experments follow automati- 
cally from the known events ol gametogene- 


sis and fertilization—as may be seen in Fig- 
ure 26-7. As to feather color genes, each of 
the P,; fowls can produce only one kind of 
egg, or sperm, depending on the sex. Conse- 
quently all F, individuals must be alike; all 
are heterozygous (Bb) as to the feather color 
genes. But when the F, hybrids form gametes. 
each tow! produces two kinds of gametes in 
equal numbers. Half the eggs and half the 
sperm must carry the B gene, and half must 
carry the 6 gene. Consequently, depending 
entirely on the chance union of the gametes, 
the F, offspring must be homozygous black 
(BB), heterozygous (Bb) blue, and homo- 
zygous white (bb) in a ratio of 1.2.1 as is in- 
dicated in the — Punnett Square: 


F, eggs B 
F, sperms BB ne | 
B black eee 
= ali F. zygotes 
h =u | | 
blue | 


oan Peers cay 


All other matings among Andalusians can 
be explained by the same mechanism. A blue 
hen mated to a black cock produces blues and 
blacks on a 1:1 basis; and similarly a cross 
between a blue and a white fowl gives blues 
and whites in a J:] ratio (Fig. 26-8). In fact 
the chromosome hypothesis has been valt- 
dated hy experiments on a countless number 
of unit hereditary differences, taken singly 
and in combination, in practically every kind 
of plant and animal. 

The results so far indicate that a parent 
transmits hereditary qualities to the offspring 
through the agency of discrete material 
units, called genes, which are borne in the 
chromosomes of the germ cells. All the di- 
ploid cells of the organism are equipped 
with at least two genes that influence the 
development of any one characteristic. In 
exerting its effect, each gene maintains a 
discrete individuality. Its effect upon the or- 
ganism may be blended with the effects of 
other genes, but the gene itself zs not changed 
by this association. During meiosis in the 
succeeding generation, the members of each 
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50% 


Fig. 26-8. 
sians; Below, cross of blue and white. 


50% 


Abave, cross of blue and black Andalu- 


pair of genes become segregated into sepa- 
rate gametes, so that each gamete can trans- 
mit only one of any given pair of genes. 

All of the foregoing ideas are implicit in 
the work of Mendel, except that Mendel re- 
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ferred to “factors” rather than genes, and 
Mendel did not realize that the factors are 
localized in the chromosomes. The central 
and pre-eminently important concept of 
Mendelian inheritance is the realization 
that the genes are stable self-perpetuating 
units that are transmitted, without change, 
throughout many generations. This means 
that the characteristics of a stock are not lost 
by dilution, but tend to appear without al- 
teration generation after generation. Hered- 
ity 1s, indeed, more a matter of “shuffling”’ 
(Not mixing) the genes during the processes 
of meiosis and fertilization. Or, in other 
words, heredity is particulate—a process of 
transmitting discrete particles, which are the 
genes. This is in sharp contrast to many 
older concepts of heredity. These older views 
considered heredity to depend upon a sort 
of blending process in which inevitably the 
characteristics of a stock would be further 
and further attenuated with each succeeding 
generation of outbreeding. 

Allelic Genes. Each gene occupies a spe- 
cific locus in a specific chromosome of the 
species, and all genes occupying this locus in 
a given pair of chromosomes are said to be 
allelic to each other. Among Andalusians, 
for example; “the “black” gene 7B) is. ‘the 
Allele ot the “aghire” seéene (6); smee these 
genes occupy corresponding loci in the same 
chromosome pair. In other words, Just as the 
chromosomes in the diploid cells of the or- 
ganism occur in homojogous pairs, so the 
genes are present as allelic pairs; and if one 
of the alleles of a certain pair has been de- 
rived from one of the parents, the other 
inevitably was derived from the opposite 
parent. 

Dominant Genes. The case of the Anda- 
lustan fowl was taken as a first example in 
Mendelian inheritance because neither of the 
allelic genes determining feather color ob- 
scures the effects of the other. In many cases, 
however, one member of an allelic pair may 
totally hide the effects of the other. Such 
complete dominance is shown in the follow- 
ing experiment, which deals with the mherit- 





ance of seed color in garden peas, a material 
used by Mendel in his original studies. 

Two stocks of the garden pea have been 
cultivated: one with yellow seeds, the other 
with green. Both stocks breed true when 
self-pollinated; that is, no greens are obtained 
from the yellows, and vice versa. When such 
stocks are cross-pollinated, in either direc- 
tion, all the F, seeds display a yellow color. 
Proceeding to the F, generation, obtained by 
self-pollinating the plants grown from the 
yellow seeds, 75 percent of the F. seeds are 
yellow and 25 percent are green. 

Figure 26-9 shows that this case 1s simular to 
the experiment with the Andalusians, ex- 
cept that one of the gene pair determining 
seed color, being dominant, suppresses the 
effects of the other (recessive) gene. The P, 
green-colored seeds must have been homo- 
zygous (having the two genes of the allelic 
pair identical) as to the “green gene” (g) and 
the yellow-seeded stock must likewise have 
been homozygous for the “yellow gene” (G); 
otherwise neither of these stocks would breed 
completely true with successive sel{-pollina- 
tions. Consequently only one kind of gamete 
is produced by each of the P, parents, and all 
of the F, hybrids are inevitably alike (Fig. 
26-9). Due to the dominance of G gene, how- 
ever, all the F, seeds display a yellow color. 
But during meiosis, when segregation occurs, 
the F, plants form two kinds of spores, and 
subsequently, the same two kinds of gametes 
(Fig. 26-9). Consequently when the F, eggs 
and sperm combine at random, the Fs seeds 
must come out “yellow” and “green” in a 
ratio of 3:1, as is shown by the following 
Punnett Square: 











F, eggs G g 
F, sperm GG Gg 
G yellow | yellow 
———]> F, zygotes 
Gg gg pete 
Oo XL Lark 
= yellow | green 
Genotype vs. Phenotype. Although all 


look alike, not all the yellow-colored F,seeds 
are ienucal in their genetic constitution 


gametes 


Fig. 26-9. 


75 Yo 


Cross between yellaw- (GG) and green- (gg) seeded garden peas. 
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25% 


Due to the daminonce af the “yellaw gene” (G), heterazygaus (Gg) seeds dis- 
play the same appearance as homazygaus (GG) ones. 


(Fig. 26-9). All the F, yellow seeds belong 
to the same phenotype (a type of organism 
judged on the basis of its appearance), but 
two different genotypes (types based on the 
genic constitution) are represented. Some of 
the yellow F, seeds (Fig. 26-9) are homo- 
zygous (GG) but others are (Gg), or hetero- 
zygous; that is, the two genes of an allelic 
pair are not the same. 

A dominant-recessive relation between 
allelic genes is the general rule rather than 
the exception among animals and plants, al- 
though frequently the dominance is not al- 


together complete. When the dominance is 
complete, as in the present case, the presence 
of a single recessive gene cannot be deter- 
mined by the appearance of its possessor, 
but only by the breeding potentialities. If 
the recessive gene is present, the correspond- 
ing trait wil] turn up in a subsequent genera- 
tion, as soon as the homozygous condition 
happens to be established at the conception 
of some future individual. In other words, 
although organisms of the same phenotype 
may look alike, they do not breed alike, 
unless they also belong to the same genotype. 
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In comparing the experiments so far, gar- 
den peas give exactly the same results as 
Andalusians, if one determines the F, ratios 
in terms of genotypes rather than in terms of 
the “phenotypes. The ratio is 172:1) with 
reference to genotypes (BB), (Bb), and (bb) 
in the Andalusian; and also 1:2:1 for geno- 
types (GG), (Gg), and (gg) in the garden pea 
(Figs. 26-7 and 26-9). The different pheno- 
type ratios—I:2:] for Andalusians, and 3:1 
for the peas—merely indicate that among 








Andalusians, each different phenotype rep- 
resents a distinct genotype; whereas among 
garden peas, the yellow phenotype, due to 
dominance, consists of two genotypes. 
Bockcrossing to Determine Genotype. Ihe sim- 
plest method of determining the genotypes 
present in a given phenotype 1s to backcross 
the unknown F, individuals. This procedure 
involves mating the unknown to its /ommo- 
zygous recessive grandparent (Fig. 26-10). 
The advantage of the backcross 1s that it gives 


Fig. 26-10. The backcross, i.e., mating 
an unknown individual to an individual 
that 
genes in question. If the unknown is 
homozygous for the dominant gene 
(fop), only one kind of offspring is ob- 
toined; if heterozygous (bottom), two 
kinds are produced. 


is homozygous-recessive for the 








50% 


50% 


very simple results, which are easy to analyze 
as may be seen in the following expert- 
ment. 

Any yellow-seeded F, pea (Fig. 26-9), 
which may be either homozygous (GG) or 
heterozygous (Gg), is backcrossed to a green- 
seeded (gg) plant and the offspring are ex- 
amined. If the unknown is of the (GG) geno- 
type, all the offspring will have yellow seeds, 
as is shown in Figure 26-9 (the F, genera- 
tion). But if the unknown is genotype (Gg), 
only half the offspring will be yellow and the 
other half will be green, as is shown in Fig- 
ure 26-10. Thus the backcross gives a simple 
I:1 ratio, if one deals with a heterozygous 
individual, as compared to the single product 
obtained from a homozygous specimen. 

Dominance does not in any way alter the 
mechanics of transmission of a gene, but 
merely changes the potency of the gene as a 
determinant of developmental processes in 
the organism. But how the genes, which are 
transmitted via the zygote to all the cells of 
the body, manage to produce their profound 
effects upon developmental processes is a 
problem that will be discussed later (p. 529). 

Independent Assortment: Two or More 
Gene Pairs in Separate Chromosome Pairs. 
During gametogenesis several or many pairs 
of chromosomes are “dealt out” simultane- 
ously to the maturing gametes; and conse- 
quently it is impossible to predict the exact 
hereditary constitution of any given egg or 
sperm. But two or three gene pairs, even if 
localized in different pairs of chromosomes, 
can be followed. This permits the hereditary 
results to be predicted very accurately, as in 
the following experiment on the inheritance 
of hatr characteristics in guinea pigs. 

The experiment starts with two well- 
known laboratory stocks of the guinea pig. 
One stock with black, smooth hair (Fig. 26- 
11) has been inbred for many generations 
without any change in the color and texture 
of the coat; and the same is true of the other 
stock, which has white haty and a rough coat. 
When crossed, these stocks produce nothing 
but black-rough individuals in the F, genera- 
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Fig. 26-11. Cross between a black-smooth and a 
white-raugh guinea pig. The F, individuals are all 
black-rough; but when inbred, these produce four kinds 
af affspring in the praportions: 9 black-rough, 3 black- 
smoath, 3 white-raugh, and 1 white-smooth. 


tion. But when inbred, the F, pigs give Fs 
offspring that are black-rough, black-smooth, 
white-rough, and white-smooth, respectively, 
itija ratio Ol 9-925 340 

On the basis of the known history, the 
genotype of the P,, black-smooth stock must 
be (WW ss)—that is, homozygous for both 
the ‘“‘black gene” (IV’) and for the “smooth 
gene’ (s); and the genotype of the white- 
rough pigs must be (ww SS)—that is, homo- 
zygous lor both the white (w) and rough 
(S) genes (Fig. 26-12). Consequently each P, 


F, eggs W W w w 
5 
F, sperm |]? W 


H SS @ 
S black- 


W 


5 


CAS 


5 = rhite- | white- 
smooth 
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F, GAMETES 


Fig. 26-12. 
and hair length in guinea pigs. 


stock produces only one kind of gamete, and 
alt the F, pigs must be alike (Fig. 26-12). But 
the F, hybrids produce four kinds of eggs, 
and a similar four kinds of sperm (Fig. 26- 
12). Consequently when these gametes unite 
to form the F, generation, the combinations 
shown at bottom of page 487 are obtained. 
These combinations account for the pheno- 
type ratio in the F, generation, namely: 


black-rough black-smooth 


Y : 5 
white-rough white-smooth 
3 3 


and also for the ratio of the nine genotypes 
(which are numbered in the Punnett Square): 


ONO OOo ee 


[aGares cee atl ce | ese 


The P, and F, gametes of a 


“two-factor cross” involving hair color 


The random combinations of the F, eggs 
and sperm, as indicated by the Punnett 
Square, shows that four different genotypes, 
G), @), @, and @, are represented in the 
black-rough phenotype; and this is borne 
out by backcrossing experiments. Thus, if 
the unknown is genotype @), the offspring of 
the backcross will show a 1:1:1:1 ratio of 
black-rough, black-smooth, white-rough, and 
white-smooth, as may be seen in Figure 26-13. 
Similarly genotypes @), @), and (3) may be 
determined, if the backcross yields, respec- 
tively, (1) nothing but black-rough offspring; 
(2) half and half black-rough and_ black- 
smooth; or (3) half and half black-rough and 
white-rough (as should be worked out by the 
student). 

The complete independence of each of 
the two gene pairs, during the inheritance 


Gametes produced by genotype @) IVw | TW’ 
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iV w w 
Ss s S S S 
All gametes of a “double recessive” pig | w 
are the same. s 
Offspring of the backcross genotypes Iw Vw ww ww 
Ss SS SS SS 
phenotypes black- = black- ~=white- — white- 
rough smooth rough — smooth 


Fig. 26-13. 


of hair color and hair texture in guinea pigs, 
can also be emphasized from another view- 
point. By dissociating the color and texture 
characteristics the F, offspring may be class1- 
fied as follows: 


rough smooth 


black 9 + 3 = 12 aa 
white eee =a ee 
We oe =] 


This shows that the 9:3:3:] ratio of the F. 
generation is obtained merely by superimpos- 
ing two 3:1] ratios. As to color the ratio is 
12 blacks to 4 whites; and as to texture the 
ratio is 12 roughs to 4 smooths. In other 
words, the guinea pig experiment is just like 
the case of the garden pea, except that two 
pairs of genes, instead of one pair, are being 
transmitted to the offspring, each independ- 
ently of the other. 

In the organism many allelic pairs of genes 
are simultaneously undergoing independent 
assortment as they are transmitted from 
generation to generation, although only gene 
pairs that are localized in separate pairs of 
chromosomes are able to assort independ- 
ently. In the case of an organism that 1s 
heterozygous for three pairs of genes—for 
example, Aa, Bb, and Cc—eight kinds of 
gametes: 


A a A a A a A a 
B b B b b Bb B 
C Ce G C C C G 


] : ] : ] : ] 


Bockcrass invalving twa independently asso-tng pairs of genes. The bockcrass is the simplest method 
by which an unknown genotype may be determined. 


will be formed, provided the allelic genes 
have loci in different chromosomes. Or, to 
generalize completely, a heterozygous 1ndi- 
vidual will form 2” classes of gametes in 
equal numbers, when 7 is the number of 
heterozygous allelic genes with loci in differ- 
ent chromosomes. 

Variations of Genic Potency. The discus- 
sion so far has indicated that each gene 
exerts an ‘‘all-or-none” sort of action—but 
this is not always true. In fact, quite a few 
cases are known in which a homozygous pair 
of recessive genes, or a dominant gene 
whether homozygous or heterozygous, may 
fail to find any expression in a certain per- 
centage of the offspring. Such an incomplete 
penetrance of certain genes increases the difh- 
culty of genetic analysis. However, the degree 
of penetrance may often be increased to ap- 
proximately 100 percent by suitably adjust- 
ing environmental conditions during the 
embryonic period. In such cases the expected 
Mendelian ratios are obtained among the 
offspring. 

Variations in expressivity, which 1s some- 
what analogous to penetrance, have also been 
observed in some cases. That is to say, certain 
genes, whether in heterozygous dominant- 
recessive or homozygous recessive combina- 
tion, may show large quantitative variations 
in the degree to which the phenotypic char- 
acteristic may appear among the offspring. 
One recessive gene in Drosophila, for exam- 
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ple. always (@vhen homozygous) yields a 
shortening and scalloping of the wing. But 
the degree of this effect varies widely accord- 
ing to the environmental conditions (espe- 
clally temperature) that are experienced by 
the individual fly during its developmental 
stages. Variations in both penetrance and ex- 
pressivity, therefore, make the genetic anal- 
ysis of certain characteristics more difficult. 
On the other hand, a study of these charac- 
teristics 1s beginning to yield valuable data 
in regard to the basic manner in which genes 
operate during embryonic development. 

Complementary and Supplementary Genes. In 
recent years there have been frequent reports 
indicating that interaction may occur be- 
tween two or more different gene pairs, and 
it now is possible to designate two main types 
of interacting genes. In the case of comple- 
mentary genes, two nonallelic dominants are 
involved, but neither of these dominants can 
express itself in the absence of the other. 
With supplementary genes, on the other 
hand, two dominants are again involved, but 
in this case the first dominant produces its 
effect when the other is absent, but the sec- 
ond dominant remains inactive unless the 
first is present. Obviously genetic experi- 
ments dealing with complementary or sup- 
plementary gene pairs are apt to yield un- 
usual ratios. Therefore a clarification of these 
types of genic interaction has helped to solve 
several rather baffling cases, which previously 
were regarded as non-Mendelian types of 
heredity. 

Mendel’s Laws. The experiments that have 
been presented up to this point exemplify 
the first two laws of genetics. These are called 
Mendel's laws, although Mendel had little 
knowledge about chromosomes and phrased 
the laws in different terms. 

1. Law of segregation: the genes of every 
allelic pair are always segregated into 
separate gametes, each gene remaining 
con pletely the 
other. 

2. Law of independent assortment: pro- 
vided the gene pairs have loci in dif- 


uncontaninated — by 


ferent pairs of chromosomes, they are 
assorted among the gametes each inde- 
pendently of the others. 

Linkage (Dependent Assortment). The 
number of groups of allelic genes that assort 
independently cannot be greater than the 
number of pairs of homologous chromosomes 
of the spectes (Table 26-1), although the total 
number of genes in any organism 1s always 
much greater than the number of chromo- 
somes. Each chromosome provides loci for 
many genes, and the genes of each chromo- 
some tend to be inked together during their 
hereditary transnussion. 


Table 26-1—Chromosome Numbers of 
Some Familiar Organisms 


Diploid 
Number of 


Common Chromo- 


Name | Species SOMCS 
Eixcia 25.7 |) daydiiarsca | le 
Pinworm Parascaryis equorum nl 
Fruit fly ..| Drosophila mela- 

nogastey 8 
Dogfish Seyflium cantcula ot 
Bullfrog Rana catesbiana 26 
Deere... Fe Canis familtaris oo 
LACIE: Pats Homo sapiens 46 
Spirogyra Spyrogyra neglecta oe 
A liverwort! Reecia lutescens 8 
Ay M088. 213, | Bryne capiliare 20 
PCL aaeee Pteris aquilina 64 
Com co Zea mays 20 


Drosophila melanogaster provides excel- 
lent material for the study of linkage, be- 
cause this species has only four pairs of chro- 
mosomes (Fig. 26-}+). Thus the several hun- 
dred genes that have been identified in the 
fruit fly all fall into four linkage groups. 
which correspond to the four chromosomes. 

Linkage can be demonstrated by following 
the transmission of two or more gene pairs 
having loci in the same pair of chromosomes. 
In Drosophila this specification is met by 





JX. 


Fig. 26-14. Diploid chromosomes of Drosophila mela- 
nogaster (female). I, Il, III, and IV indicate the chra- 
mosomes that are mapped in Figure 26-19. 


two pairs of genes that determine the body 
color and wing length of the flies. 

In crossing one stock of fly, which self- 
breeds true for black body and vestigial (re- 
duced) wing, with another true-breeding 
stock having gray body and large wings, the 
F, individuals are found to have gray bodies 
and long wings (Fig. 26-15). Accordingly, the 
gray (B) gene dominates black (b) and the 
normal long wing gene (V’) 1s dominant to 
the vestigial (v); also both of the P, flies are 
homozygous as to both allelic pairs (Fig. 26- 
15). ‘Phus when an F, hybrid male is back- 
crossed to the double recessive female, in- 
stead of getting four kinds of offspring such 
as would be obtained if the genes assorted 
independently, only two kinds of flies are 
obtained (Fig. 26-15). Fifty percent of the 
backcross offspring have black bodies and 
short wings, and the other 50 percent have 
gray bodies and long wings. In other words, 
the black body and short wing, and the gray 
body and long wing, are linked as to their 
inheritance, since both of these gene pairs 
have loci in the same pair of chromosomes. 

Incomplete Linkage: Crossing Over. ‘The 
foregoing case is called complete linkage be- 
cause the two gene pairs in the one pair of 
chromosomes are always inherited together. 
But complete linkage is a rare phenomenon: 
it occurs only in the male Drosophila and 
very few other known organisms. A_back- 
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cross between a female F, hybrid and a 
double recessive male gives very different re- 
sults, in that the offspring are of four types: 
gray-vestigial, gray-long, black-long, and 
black-vestigial; but these offspring are not 
produced in egual numbers (Fig. 26-16). In 
fact the results of such a cross cannot be 
stated as a simple ratio, but only on the fol- 
lowing percentage basis: 


OT ay slOM es eee. ee eel 41%, 9007 
black-vestigial +0 


gray-vestigial Oo, Po 
Lee, 


black-long 

In all cases of incomplete linkage, the 
original combinations of characters—those 
possessed by the P,; parents—are found in a 
majority of the offspring: but new combina- 
tions occur in a minority of the progeny. 
Moreover, the two majority classes are always 
equal to each other—as is also true of the 
minority classes. 

‘To explain these results, attention must be 
focused upon the F, female hybrid. This 
6b and |B 
hybrid received chromosomes |v Pp 
from her homozygous parents and _trans- 
mitted these chromosomes without change to 
a large majority of the eggs (Fig. 26-16). But 
some of the eggs of the hybrid fly, due to a 

b B 
shift in the gene loci, received : and |v 
chromosomes, and these eggs gave rise to the 
minority classes. 

An equal exchange of genes between the 
chromosomes of a homologous pair is called 
crossing over, and crossing over has impor- 
tant genetic consequences. In fact a careful 
study of the cross-over phenomenon has 
yielded a determination of the exact sequence 
of location of virtually all known genes in 
the different chromosomes of Drosophila. 

Crossing over takes place during synapsis 
(p. 479), while the homologous chromosomes 
are entwined about each other so intimately 
that in many cases they appear to fuse com- 
pletely. 

After synapsis it usually is not possible to 
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Complete linkage: F, male, from cross of black-vestigial and gray- 
long, back-crassed ta black-vestigial female. (Adapted fram Margan.) 


Fig. 26-15. 


see that crossing over has occurred, because 
usually the members of each synapsing pair 
are identical in their appearance. But the 
genetic evidence is altogether convincing 
and cytological corroboration has been ob- 
tained In certain cases. 


It is known from 


50% 


the law of segregation that the individual 
genes do not fuse, and that each gene retains 
its identity without contamination by other 
genes. But equal blocks of genes may be ex- 
changed between the synapsing mates, as Is 
indicated in Figure 26-17. The two chromo- 





417, 
82% 


somes break at corresponding points, and an 
exchange of connections occurs at the rup- 
tured points. If the break takes place between 
any two genes, the linkage between these 
genes is changed. In the present case, for 
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Fig. 26-16. Incamplete linkage: F, female, fram cross af black-vestigial and 
gray-lang, back-crassed ta black-vestigial made. (Adapted from Margan.) 


example, this change in the linkage relations 

B \b b 

is from |V jv to |v {, in a certain percent- 
age of the gametes. 

Localization of the Genes in the Chro- 
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mosomes. [he frequency of crossing over— 
which technically is called the cross-over 
value—provides a valuable index as to the 
relutive distance between any two pairs of 
genes having loci on the same pair of chro- 
Cross-over breaks can occur with 
equal facility along the length of the synaps- 
ing chromosomes. Consequently, the farther 


MIOSOMIES: 


ipa care the loc-ob ainy yo: ches, ihe 
greater is the Inkelshood that 
will ~occur between them. And conversely; 
thie nearer together are the Joc the ves 1s 
ihe «chance ob across over, Nloreaver,. ‘the 
cross-over values, expressed on a percentage 


at CEOS) ON Cl 


basis, are additive when one stucies a given 
series of genes; and this proves that the loci 
are arranged ina specific linear order in each 
chromosome. “These important facts are 
shown, for example, by the cross-over values 
between the genes in chromosomes I of 
Drosophila, 
follows: 


which may be sttmmarized as 


Fig. 26-17. 
a cross over occurs at a point 
thot lies between the location of 
the genes B and b and that of 
the genes V and v, these genes, 
as the diagram shows, will occur 
in new combinations in the post- 


Crossing over. lf 


synaptic chromosomes. 
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Crossing over between two consecutive 
gene pairs is relatively rare, so that linkage 
between such genes ts almost complete. But 
between more distantly localized gene pairs 
cross overs are frequent, although, if the dis- 
tance is too great, the cross-over values are 
dificult to analyze—because double (Fig. 26- 
18), or even triple cross overs may occur. 
The mathematical relation displayed by 


the cross-over values of the yellow to ruby 
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Fig. 26-18. Double 
If cross over occurs of the 


crossing 
over. 
points shown in this diagram, the 
genes A and L, and also a and I, 
will occur in their original com- 
binations in the postsynaptic 
chromosomes; but the cross over 
will be evidenced by the inter- 
change of the genes F and f ot 
an intermediate locus. 


gene series likewise holds true for a/l genes 
in each of the other three pairs of chromo- 
somes 1n Drosophila. In fact there is one, and 
only one, linear order that shows this rela- 
tion. Accordingly, the only possible interpre- 
tation of these facts is that the genes are ar- 
ranged in the chromosomes in a _ precisely 
determined linear order, like a string of 
beads. 

As a result of such experiments, accurate 
chromosome maps (Fig. 26-19) have been 
prepared for Drosophila and, to a lesser ex- 
tent, for a number of other organisms. Al- 
though Drosophila has been studied much 
more intensively than other organisms, not 
all the genes of Drosophila are known. In 
Drosophila there are probably about three 
thousand genes, of which about half of those 
known are shown on the maps. Map I is for 
the long straight pair of the fruit fly’s chro- 
mosomes; II and III are for the smaller and 
larger of the V chromosomes, respectively; 
while IV is for the very small pair (Fig. 26- 
14). All the genes in each pair of chromo- 
somes assort independently of genes in the 
other three pairs; and the genes localized in 
each pair of chromosomes display a linked 
inheritance—which is complete in male ani- 
mals and incomplete in females. A cytological 
study of the germ cells during the prophase 
of the first meiotic division indicates that 
synapsis, as tt occurs in the male Drosophila, 
is more transient and less intimate than is 
the general rule. But precisely why crossing 
over is entirely aborted in the male fruit fly, 
whereas it occurs successfully in both sexes 
of almost every other species of animal, can- 
not be said with certainty. 

Morgan’s Laws. The phenomena of link- 
age apply to virtually all organisms, although 
they were worked out by Morgan and his 
students mainly in Drosophila. Thus it is 
customary to designate the last four of the 
six well-recognized laws of inheritance as 
Morgan’s laws: 

1]. All the genes of a species are arranged 

into linkage groups that correspond 
exactly to the chromosomes of the spe- 
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cies; and the genes in any one pair of 
chromosomes are assorted during hered- 
itary transmission independently of the 
genes in the other pairs. 

2. All genes in the same chromosome are 
linked in heredity, maintaining their 
original combinations throughout suc- 
cessive generations, either always (com- 
plete linkage), or more often than not 
(@ncomplete linkage). 

3. The genes in each chromosome are 
arranged in a specific linear order. 
Thus the cross-over frequencies be- 
tween them have the same mathemati- 
cal relations as distances between points 
mma straight line. 

4. Crossing over at any one point inter- 
feres with cross overs at neighboring 
points; for short intervals this inter- 
ference is complete, so that for genes 
relatively close together in a series, the 
observed percentage of recombinations 
is an accurate measure of the cross-over 
frequency. 


INHERITANCE OF SEX 


As a general rule among sexual organisms, 
males and females are produced in equal or 
almost equal numbers in every generation, 
und each of the sexes can mate successfully 
only with the other. 

The inheritance of sex in a majority of 
organisms shows that a single pair of chro- 
mosomes is the differential that determines 
whether an individual is to be male or fe- 
male. Actually the situation is somewhat 
more complex than this, as will become ap- 
parent presently. Nevertheless it is certain 
that the sex differences between individuals 
of the same species are almost always trans- 
mitted via genes, although in the case of 
some animals, the developmental effects of 
the “sex genes” are mediated largely through 
the endocrine glands. 

In many species the chromosomes of the 
female are visibly dissimilar from those of 
the male. In the female Drosophila, for ex- 
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Fig. 26-20. Diagram showing the ZYGOTES 


distribution of the sex chromosomes 
of Drosaphila melanogoster. Sex 
chromosomes, block; autosomes, 
white. 


ample, chromosome pair number | consists of 
two straight rods, each the apparent duph- 
cate of the other; but in the male Drosophila, 
one member of pair I is bent, and is plainly 
longer than the other (Fig. 26-20). In Dro- 
sophila the sex-differentiating genes are car- 
ried in the chromosomes of pair J. Accord- 
ingly these chromosomes are called the sex 
chromosomes, in contrast to the other auto- 
somes, which ordinarily are neutral in their 
effect upon sexual development. Moreover, 
the sex chromosomes of Drosophila are of 
two types: the straight type is called the 
chromosome, and the bent type, the Y chro- 
mosome. 

The sex chromosomes, like the autosomes, 
are transmitted to the offspring in the usual 
fashion, as may be seen in Figure 26-20. But 
due to the dissimilarity between the X and 
the Y, equal numbers of males and females 
are conceived in each new generation of the 
species. As to their bearing on the sex of the 
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offspring, all the eggs of a female are of one 
kind, in that all carry an X chromosome. 
But a male produces two kinds of sperm— 
half X-bearing and half Y-bearing. When 
one of the X-bearing sperm succeeds in fer- 
tilizing an egg, the offspring will be female; 
and the Y-bearing sperm can only give rise to 
male progeny. 

‘These microscopically visible facts suggest 
that each X chromosome carries a recessive 
gene for femaleness, and that each Y chro- 
mosome carries a dominant gene for male- 
ness; but this is not true. Actually the Y 
chromosome has no direct effect in deter- 
mining sex. By certain rare abnormalities 
in the maturation divisions, individuals of 
Drosophila are produced that have one X 
and no Y chromosome; and these individuals 
are always males. In fact some animals trans- 
mit the sex differences in just this fashion; 
that is, in males, the X chromosome has no 
homologous mate. In such cases half of the 
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sperm cells contain an X chromosome, but 
the other half contain no sex chromosome 
(Fig. 26-21). Occasional individuals of Droso- 
phila (resulting from abnormal maturation 
aivisions) contain two X’s and a \.. or even 
two X's and two Y's, and such imdtviduals 
are always females. 

Summarizing the evidence, Drosophila pos- 
sesses a group of genes that determine the 
female characteristics of the species, and 
these “female genes” are localized mainly in 
the X chromosomes. The male character- 
istics, In contrast, are determined by another 
group of genes, but the “male genes’ have 
their loci) mainly in the autosomes. Al} indi- 
viduals are homozygous for the male sex 
genes so that no dilference ts found between 
and females with reference to the 
genes lor maleness. ‘Thus the primary sex 
difference 1s that females, which receive two 
X chromosomes, possess a double set of “fe- 


males 





Fig. 26-21. Distribution of the sex 
chromosomes in Protenor, a bug 
thot has no Y chromosome. Sex 
chromosomes, black; autosomes, 
white. 


male genes,” and in such individuals the 
female characteristics dominate over the male. 
But male individuals receive only a single set 
of female determinants, and m these ind1- 
viduals the male characteristics dominate 
over the female. 

In man and a majority of other organisms, 
the sex-determining mechanism resembles 
that of Drosophila. But in some species the 
female rather than the male displays a dis- 
similarity of the sex chromosomes, although 
otherwise the mechanism of sex inheritance 
is similar to that of Drosophila. 

Sex-Linked Genes and Characters. The Y 
chromosome of Drosophila and many other 
species 1s most unusual. The Y chromosome 
not only is devoid of sex genes, but it carries 
scarcely any other genes. In fact, the Y chro- 
mosome can almost be considered as a 


‘In man, however, the combination XNXY yields 
an abnormal male, as is explained later (p. 507). 


“dummy” chromosome. The Y chromosome 
has very little influence upon the character- 
istics of the organism, except that, by replac- 
ing one of the X chromosomes, it plays a 
deciding role in the determination of the sex 
of the organism. 

The X chromosome, in contrast, carries 
many genes (Fig. 26-19). These genes are 
transmitted along with the sex-determining 
genes, and consequently a number of hered- 
itary traits tend to be associated with the 
sex of the individual. Characteristics for 
which the genes have loci in the X chromo- 
somes are said to be sex-linked; and sex 
linkage influences the inheritance of many 
characteristics—as shown in the following 
experiments. 

In Drosophila, white (w) eye color is a 
sex-linked recessive character, and the allelic 
gene for red (IV) eye is dominant. Thus if a 
white-eyed female (Fig. 26-22) is crossed with 
a red-eyed male, all the F, daughters are 
found to have red eyes, but all the sons have 
white eyes. Moreover, if these F, individuals 
are inbred, the F. generation gives 25 per- 
cent white-eyed daughters, 25 percent red- 
eyed daughters, 25 percent white-eyed sons, 
and 25 percent red-eyed sons (Fig. 26-22). Or 
if the experiment is started oppositely (Fig. 
26-23)—by crossing a homozygous red-eyed 
female with a white-eyed male—all the F, 
offspring have red eyes; and in the F, genera- 
tion, all the daughters have red eyes, but the 
sons show an equal distribution of the red 
and the white eye color (Fig. 26-23). 

The foregoing experiments show that the 
inheritance of the eye color in Drosophila 1s 
linked with the inheritance of sex. It 1s plain 
also that the Y chromosome, other than dis- 
placing the X chromosome, plays no essential 
role in the determination of the character- 
istics of the incliviclual. 

In man, several types of abnormality, such 
as red-green color blindness and hemophilia 
(p. 323), are sex-linked, recessive character- 
istics, which are inherited exactly like white 
eye color in Drosophila. As to color blindness, 
for example, all the sons of a color-blind 
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mother by a normal father will show the 
defect, although all the daughters will have 
normal vision. These daughters can transmit 
color blindness, however, since none is homo- 
zygous for the normal gene. Thus if we desig- 
nate the recessive color-blind gene as (0), and 
the dominant allelic normal gene as (B), the 
mother would be (X;N,). the father (XY); 
the sons (X,Y), and the daughters (X;X,) 
as to their respective genotypes. In other 
words, the inheritance of this type of color 
blindness follows the same pattern as the 
inheritance of white eye color in Drosophila 
(Figs. 26-22 and 26-23). 

Nongenetic Sexual Differentiation. A few 
species display no genetic difference be- 
tween the sexes; and in such cases a zygote 
can give rise to either a male or a female, 
depending on environmental factors such as 
food. ‘This type of sex determination is quite 
rare, however, being encountered in only a 
few worms and other relatively simple tnver- 
tebrate animals. 

Identical vs. Fraternal Twinning. In a 
majority of organisms only one individual 
arises from each fertilized egg; but in a few 
species (lor example, the nine-banded arma- 
dillo), the embryo regularly divides at an 
early stage of development, producing two or 
more genetically identical individuals from 
the same zygote. This phenomenon of poly- 
embryony is not common among higher ani- 
mals. However, polyembryony sometimes oc- 
curs in man and other mammals, resulting in 
the production of identical twins and triplets 
(Figs. 26-24 and 26-25). Identical twins, in 
contrast to fraternal twins, are always of the 
same sex. Moreover, identical twins bear a 
remarkable resemblance to each other, not 
only as to visible appearance, but also as to 
characteristics of mind and personality (p. 


509). 


ASEXUAL REPRODUCTION IN RELATION 
TO HEREDITY 


Asexual processes of reproduction—exclud- 
ing meiotic sporulation and parthenogenesis 
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—tend to produce offspring that are geneti- 
cally identical. Atl the cells of the offspring 
are derived entirely by mitosis Irom the cells 
of the parents; and the mitotic type of cell 
division operates to perpetuate the existing 
combination of genes affording no opportu- 


Fig. 26-22. Crass af white- 
eyed female and red-eyed 
male; F, inbred. (Adapted 
fram Margan.) 


nity for any recombination of genetic traits. 

This stability of asexual inheritance is of 
great advantage in the propagation of com- 
mercially valuable plants—such as fruit trees 
and potatoes. Any cutting or grafting derived 
from a valuable stock can be relied upon to 


Fig. 26-23. Cross of red- 
eyed female and white-eyed 
male; F, inbred. (Adapted 
from Morgan.) 


perpetuate its favorable combination of 
qualities. Opportunity is not afforded for the 
loss of advantageous genes, or the gain of 
disadvantageous ones, because recombination 
and random assortment can occur only when 
meiosis is permitted to intervene between 
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25% 


25% 


the generations. Propagation by seed, even 
when artificial self-pollination is practiced, 
usually gives rise to considerable variability 
among the offspring, because most stocks, un- 
less inbred for many generations, are hetero- 
zygous for many genes. 
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IDENTICAL TWINS 
Are products of 


A single and A single 
sperm egg 


ee O 


In an early stage 
the embryo divides 


The halves go 
on to become 
separate 
individuals 


Usually — but not always — identical 
twins share the same placenta and 
fetal sac 





But regardless of how they develop, 
they carry the same genes and are 


therefore 
Always of the same sex — two boys 
or two girls 


FRATERNAL TWINS 


Are products of TWO different eggs 
fertilized by TWO different sperms 


~ °) 6} 


They have different genes and may 
develop in different ways, usually— 
but not always — having separate 
placentas and separate fetal sacs 





Also, as they are totally different in- 
dividuals, they may be 





Both 

of the Two boys 

same sex ES . 

—or two girls 

—Ora ra 

mixed 

pair \ / 
One One 
boy girl 


Fig. 26-24. (From Scheinfeld, You ond Heredity. Permission of J. B. Lippincott Co.) 
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HOW TRIPLETS MAY BE PRODUCED 


(A) Single sperm fertilizes 
single egg 


© 


/\ 
O) © 


One 
remains 


Fertilized eq4 
{embryo} 
divides 


as in twins 


"set" and 
goes on 
to Other 
develop divides 
again 


CO 
/ \ 
O) 


RESULT: IDENTICAL TRIPLETS 


(Always of same sex) 


Two separate sperms fertilize 


two separate eggs 


O 


One 
gave $ Ine 
other 
as one ae 
individual acti 


O 


to form 
twins 


O) 


RESULT: Triplets, two of whom are 
really identical twins, the other a fra- 
ternal twin of theirs, of the same or 
opposite sex. 


ee 
oe 
on 


A third type, of "unmatched" triplets, can result from the union of 
three separate sperms and three separate eggs. 


Fig. 26-25. 


MULTIPLICITY OF GENIC EFFECTS 


Each part and characteristic of an organ- 
ism is usually affected not by a single pair of 
genes, but by several or many pairs. ‘There 
are, for example, at least 50 different genes 
that are known to have an influence upon 
the eye color of Drosophila; and under natu- 
ral breeding conditions, all these different 
genes cooperate in determining the eye color 
of the individual offspring. 

A cross between the red-eyed and white- 
eyed flies can be called a “one-factor cross” 
only when the original P, stocks are homo- 
zygous and similar as to all other gene pairs 
having any influence on the eye color. Delib- 
erately, the stocks selected for most genetic 


(From Scheinfeld, You and Heredity. Permission of J. B. Lippincott Co.) 


experiments differ from each other by only 
one or two hereditary factors; and a long 
preliminary process of inbreeding is neces- 
sary to secure such stocks. In a sense, there- 
fore, the breeding experiments of the labora- 
tory geneticist, which yield such simple ratios 
among the offspring, are somewhat arnficial 
and arbitrary. Wild flies, obtained directly 
from their natural habitat, tend to be hetero- 
zygous for many genes. Consequently many 
different recombinations appear among the 
offspring. Under these conditions, it is not 
possible to predict the results of a given mat- 
ing very accurately. Without the inbreeding 
technique, therefore, geneticists might not 
have been able to ascertain the mechanism 
of heredity, except among a minority of 
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plants that practice inbreeding (sell-polli- 
nation) on a natural basis. 

It is also important te realize that most 
genes affect several or many characteristics in 
the orgunism. The white-eye gene (w), which 
was used to exemplify sex linkage, received 
lisctiame beeause its eye color etkect is: nore 
dramatic and easier to follow than its other 
eifects. Carein) study, however, reveals: that 
the white (w) gene has many other effects. 
Flies that are homozygous for this gene lack 
pigment in many of the internal organs; they 
develop more slowly and display less vigor 
than red-eyed flies; and homozygous white- 
eyed flies produce fewer offspring than their 
wild-type relatives. And what is true of this 
gene is probably true of all the genes in every 
organism: each gene has various elfects upon 
many different parts and functions. Thus, to 
speak. ol the gene tor white eves; -or the 


“gene lor vestigial wimg,” is merely to iden- 
tify a certain gene by its most conspicuous 


and obvious effect. 


HEREDITY IN MAN 


Great difficulties have beset the scientific 
study of human inheritance. The impossi- 
bility of controlled experimental breeding, 
particularly as to the technique of inbreed- 
ing; the long period between generations; 
the relatively small number of offspring; and 
finally the large number of man’s chromo- 
somes—all have combined to hamper the 
progress of a detailed analysis of human 
heredity. In fact, human geneticists have had 
to depend largely upon family pedigrees; 
and sometimes such data are not completely 
reliable. 

Despite these difficulties, a great deal has 
been learned about human inheritance. Re- 
hable statistical methods for the analysis of 
human populations have been developed, 
and it is now evident that man and other 
organisms possess essentially similar genetic 
processes. Other mammals—especially mice, 
rats, guinea pigs, and rabbits—are much 
more favorable than man for genetic studies; 





and a vast amount of data prove conclu- 
sively that mammalian heredity proceeds 
along the same lines as were first mapped 
out in Drosophila. 

Population Genetics. The currently active 
field of population genetics was opened up 
in 1908 as a resule of the mathematical and 
statistical studies of Hardy and Weinberg. 
The Hardy-Weinberg method of analvsis, 
based on an extension of the binomial equa- 
tion, makes it possible to determine the 
genetics of a given trait on the basis of its 
statistical occurrence in a population, pro- 
vided that the population and sampling are 
large enough to yield valid probabilities. 

A few of the results of human population 
analysisvare amdicated im Uables20-2) hake: 
for example, the case of the recessive gene of 
albinism. The homozygous condition, which 
produces an overt albino, occurs in only ] in 
°0,000 individuals; the heterozygous combi- 
nation, however, which yields a carrier, is 
found in ] of every 70 people. In addition to 
the several examples cited in Table 26-2, the 
inheritance of a tasting capacity (ability in 
man to taste a special chemical, namely 
phenylthiocarbamide) deserves fuller consid- 
eration. Tlus classic case was analyzed verv 
completely by L. H. Snyder of the University 
ob Faxwant. 

Snyder tested the tasting capacity of some 
3500 subjects and found that 29.8 percent 
were insensitive to the bitter taste of phenyl- 
thiocarbamide (PTC). Then, working on the 
assumption that the “taste gene” is dominant 
to the “nontaste gene” and that P'TC-tasting 
is determined by a single pair of genes, an 
analysis was made of the occurrence of sen- 
sitivity among children derived from a nuni- 
ber ol taster X taster and taster X nontaster 
marriages. The actual values derived from 
tiese-Wm1ons- were: 12.5. percent and 35,0. per: 
cent of nontasters, respectively. These values 
corresponded very closely with the mathe- 
matically predicted values of 12.4 percent 
ang. 30.) percent, =aulliclt “proves. that the 
original assumptions were valid. 

The importance of the Snyder analysis, 


Heredity - 505 


Table 26-2—Partial List of Heritable Traits in Man, with Probable Genic Relations 


Hazel or green 
Astigmatism 
Farsighted 
Nearsighted 
Long lashes 
Long orbed 


Brown 
Fye characteristics | 
| 
| 
| 


Broad lips 


: “Roman” nose 
Facial features 


Flaring nostril 


Narrow bridge (nose) 








Dorninants | Recessives 


| Blue or gray 
Blue or gray 
Normal 
Normal 
Normal 
Short lashes 
Small orbed 


Thin lips 
Straight bridged 
Nonflaring 
Broad bridge 


Dark Blond 
Nonred Red 
ate Curly Straight 
a | c 
pea Cause e) iatlee Abundant (on body) Sparse 
Balding tendency (males) Norma! 
White forelock Normal 


Short stature (multiple genes), Tall stature 


Muscular distrophy 
A, B, and AB (blood groups) 


Normal! 
Normal 
Normal 
Free lobes (ear) 
Normal 


| 


Other characteristics 


however, is not so much that it proved that 
nontasting is determined by a single pair of 
recessive genes, since this could be ascer- 
tained directly by noting the absence of tast- 
ers among the offspring of nontaster X non- 
taster unions. The true importance lies in 
the validation of the analytical methods used 
in population genetics—methods that are 
now being used extensively by many workers. 

Heritable Defects of Metabolism. In 1908, 
Archibald Garrod, an English physician of 
outstanding scientific insight, reported upon 
a number of ‘inborn errors of metabolism,” 
which appeared to be caused by heritable 


| Normal 


Group O 
| Diabetes mellitus 
Congenital deafness 
Hemophilia (sex-linked) 
Attached 
Albinism 





(absence of 
pigment in hair, skin, 
eyes, etc.) 


defects in one or another of the metabolic 
enzymes of various patients. Subsequently 
Garrod’s viewpoint has been amply substan- 
fiateds NOM. cdl ACL. about vadosen. stich 
metabolic defects are recognized. Among 
these, perhaps the most 1mportant are: al- 
kaptonuria, phenylketonuria, agammaglob- 
ulinemia, galactosemia, sickle cell anemia, 
and albinism. In each case the lack of a single 
enzyme appears to be responsible for the 
condition, and the inheritance is mediated 
by a single pair of mutant, or defective, genes, 
usually of recessive character. \foreover, a 
study of the inheritance of these metabolic 
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delects has provided considerable support to 
the “one gene, one enzyme” hypothesis (p. 
530) as to the mechanism of genic action 
(Chap. 27). 

The missing or defective enzymes responsi- 
ble for phenylketonuria, alkaptonuria, and 
albinism are indicated in Figure 26-26. Phen- 
yiketonurta, in which a high concentration of 
phenylpyruvic acid (Fig. 26-26) accuniulates 
in the blood and urme, is un exceedingly 
serious condition. Always rt is accompanied 
by a grave degree of mental deficiency. The 
condition can be partially controlled, how- 
ever, by careful regulation of the phenylala- 
mime intake of the patient. This is difficult, 
however, because phenylalanine is one of the 
essential amino acids (p. 137) that cannot be 
elrminated [rom the diet completely and be- 
cause phenylalanme is a constituent of al 
most every protein food. Alkaptonuria and 
albinism, on the other hand, are not so seri- 


ous. The urine of an alkaptonuric individual 
turns black upon exposure to air, because 
homogentisic acid, the substance that accu- 
mulates in the blood and urine, spontane- 
ously undergoes oxidation into a blackish 
end product (Fig. 26-26). An albino is over- 
sensitive to sunburn and glare. Melanin (p. 
530), the principal light-absorbing pigment 
of the skin, hair, and eyes, cannot be mann- 
factured in the absence of the proper en- 
zyine.( Fig. 26-26), 

‘The rare infant who suffers from galacto- 
semia cannot metabolize galactose, which is 
absorbed, of course, from) milk (p. 80). Ac- 
cordingly, this sugar accumulates to toxic 
levels 1 the body fluids, although consider- 
able wamounts. are: excreted Wide ihe urine 
Specifically, the missing enzyme is galac- 
tosephosphate transferase. This enzyme is 
necessary for the conversion of the milk 
sugar-phosphate to glucose-phosphate, as was 


blocked ra 
Ss (no enzyme) blocked 
| NH, ———HH}}-—> NH, HH? — > MELANIN 
| PHENYLKETONURIA | ALBINISM 
CH,-CH-COOH Che Chi COOH 
PHENYLALANINE tyrosine 
not | blocked | 
HO 
OH 
aS 
CH,-CO-COOH Ch5-GOon 
PHENYLPYRUVIC ACID HOMOGENTISIC ACID | 
(in blood and urine) 
blocked 
ALKAPTONURIA intermediates, 
e ——> ——-> oan route to 
Krebs Cycle 


Fig. 26-26. 
phenylketonuria. 


Enzymes missing in certain heritable metabolic diseases, namely albinism, alkaptonuria, and 


shown by Herman Kalckar and co-workers 
at the National Institutes of Health. The con- 
dition may be alleviated by withholding milk 
from the diet. This is difficult, however, be- 
caltse milk 1s used in the preparation of 
many foods. 

The enzyme deficiencies of sickle cell ane- 
mia and agammaglobulinemia are both con- 
cerned with faulty protein synthesis. In the 
sickle cell patient, the determining gene ap- 
pears to carry a defective code (p. 526) for the 
synthesis of hemoglobin. The amino acid se- 
quence in this peptide chain is almost per- 
fect, except that valine is substituted for 
glutamic acid at one point. As a result of the 
defect, the erythrocytes are not biconcave 
discs. Instead, they are sickle-shaped (con- 
cavo-convex), they have a faulty oxygen- 
binding capacity, and they are abnormally 
fragile. The anemia that results may be very 
mild, in the case of heterozygous individuals, 
or quite severe, when the homozygous condi- 
tion obtains. This indicates, of course, that 
the “sickle cell gene” is not completely re- 
cessive to its normal allele. 

The code carried by the “agammoglobuilin 
gene’ appears to be hopelessly scrambled, 
since the gamma globulin fraction of the 
plasma proteins is absent. This, of course, is 
the “antibody fraction’” and consequently 
agammaglobulinemic patients are exceed- 
ingly susceptible to infection (p. 320). 

Chromosomes of Man; Normal and Ab- 
normal Complements. The diploid comple- 
ment of chromosomes in man was difficult to 
determine precisely. Man’s chromosomes are 
numerous and they are crowded together in 
the metaphase plate (p. 46). Moreover, there 
are only small differences in the size and 
morphology of the various pairs, as is shown 
in Figure 26-27. 

An early approach toward an accurate pic- 
ture of man’s chromosomes was made by T. 
S. Painter at the University of Texas in 192]. 
Painter counted 24 pairs, and this count was 
generally accepted until 1956. Meanwhile, 
the counting problem was greatly simplified 
by the development of three techniques: (1) 
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the tissue culture technique, which enabled 
the investigator to study the division stages 
of human cells, particularly leucocytes, after 
removal from the body; (2) the use of col- 
chicine to block mitosis at metaphase, when 
the chromosomes are very clearly differ- 
entiated; and (3) the use of hypotonic media 
to separate the chromosomes from one an- 
other more sharply. 

In 1956, J. H. Tjio and A. Levan in Sweden 
and C. E. Ford and J. L. Hamerton in Eng- 
land were able to achieve the first perfect 
counts—counts that have been verified sub- 
sequently by many workers throughout the 
world. Therefore it can now be said without 
equivocation that man’s normal complement 
of chromosomes ts 23 pairs: 22 pairs of auto- 
somes and | pair of sex chromosomes, as 1s 
shown in Figure 26-27. 

The newly developed accitracy of counting 
has led to some important medical discov- 
eries. It now 1s known definitely that at least 
three serious pathological conditions—-mon- 
golism, the Klinefelter syndrome, and the 
Turner syndrome—are related to abnormal- 
ities in the chromosome constitution. Jn some 
cases, an extra chromosome may be present; 
but in other cases, a chromosome may be 
missing. 

Mongolism, an unfortunate term as well 
as an unfortunate condition, results from the 
presence of an extra member of pair 21 (Fig. 
26-27). Or, more technically stated, the mon- 
goloid condition is related to trisomy in chro- 
mosome 21. During odgenesis, apparently, 
nondisjunction (p. 515) occurs in this pair of 
chromosomes, resulting in the formation of 
an egg that is diploid for this pair. Such non- 
disjunction is relatively rare, however. Only 
1 in 650 cases appears among children gen- 
erally. However, the incidence among chil- 
dren produced by older mothers (but not by 
older fathers) reaches 3 percent when the 
mother’s age is 45 or over. The term “mon- 
goloid” is apt only in the sense that such 
children display an extra fold of skin in the 
upper eyelid, giving an oriental appearance 
to the eyes. The more serious aspects of the 
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Fig. 26-27. 
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Diploid set of chromosomes in man, derived from a cell at metophase. By this time each 


chromosome has undergone replicotion, but a complete seporotion of the sister replicas has not oc- 
curred. Selection of the paired members requires a precise study of the morphology, including the 
centromere (constricted point) positions, of the rondomly arranged chromosomes of an original preporo- 
tion (lower left of photo), utilizing a magnification considerably higher than is shown here. Then the 
poired members are arranged ond numbered, forming what is colled a karyotype, which may be nor- 
mal or abnormol. (Courtesy af Alexander G. Bearn, The Rockefeller Institute, New York.) 


malformation of the 
severe retardation of 
growth, both physical and mental. 

‘The Kiinetelter and Piurier svadromes 
both are related to abnormalities in the sex 
chromosomes. The kKlinefelter patient 1s 
ivays “a Male avith cai ANY “constitution. 
Typically the stature is tall, and usually 
some degree of mental deficiency 1s present. 
Sperm production is reduced to the point of 
virtual sterility and the breasts slow a tend- 
ency toward. overdevelopment. “Fhe Turner 
patient, on the other hand, lacks a Y chromo- 
some; that is, the genetic constitution is NO. 
The condition 1s associated with malforma- 


include a 
and a 


condition 


tongue Vel 


lions of the aorta, deafness, shortness of 
stature, and some degree of mental retarda- 
lion. 

Other Aspects of Human Inheritance. Most 
normal differences among human _ indi- 
viduals—such as size, weight, color of skin, 
hair. and eyes—are. as in other animals, in- 
fiuenced by many genes; and there are no 
very closely inbred stocks in man. All human 
individuals are heterozygous for many genes, 
and consequently it is dificult to forecast the 
precise distribution of most characteristics 
among human offspring. Moreover, many 
characteristics—such as height and wetght— 
are very susceptible to nutritional influences. 





and this makes the genetic analysis more 
difficult. 

In the case of eye color, which is relatively 
insensitive to environmental influence, the 
analysis has been quite successful. Pure blue 
eyes are inherited as a simple recessive, but 
the various darker shades of eye color are 
determined by several other genes—the 
darker alleles being usually dominant to the 
lighter. Hair color and skin color are like- 
wise determined by more than one gene pair. 
In the case of skin color, all the F, offspring 
of a pure white-black cross display a fairly 
uniform intermediate (mulatto) shade— 
which shows that each of the original stock 
is homozygous for the skin color determina- 
tion. But the F. children derived from first- 
generation mulatto parents are of many 
shades, ranging from pure black to pure 
white. 

One analysis indicates that skin pigmenta- 
tion in man is determined by two pairs of 
genes, which, in the F, mulatto, are da and 
Bb—the capitals indicating partially domi- 
nant genes, which tend to make the pig- 
mentation darker in an additive fashion. 
Consequently the F, offspring of F, mulatto 
parents are distributed as follows: 


1 with 4 dominants—AABB (phenotypically 
Negro) 

4 with 3 dominants—2 AaBB and 2 AABb 
(phenotypically dark) 

6 with 2 dominants—4 AaBb, 1 AAbb, and 
1 aaBB (phenotypically mulatto) 

4 with 1 dominant—2 Aabb, 2 aaBb (pheno- 

typically light) 

with no dominants—aabb (phenotypically 

white). 


— 


Such a situation allows for a graded type 
of variation among the F, generation. In 
fact, such cases where the same character is 
influenced in the same way by two or more 
independent pairs of genes acting additively 
are generally designated as multiple-factor 
characters, and the results have been referred 
to as blended inheritance. Moreover, the 
greater the number of independent hetero- 
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zygous gene pairs involved in the determina- 
tion of a single character, the less perceptible 
will be the gradations among the offspring. 
It is interesting to note, therefore, that many 
characteristics in man—such as _ height, 
weight, and intelligence—and many charac- 
teristics in commercially valuable species— 
such as milk production in cows and egg 
production in chickens—are undoubtedly 
inherited on a multiple-factor basis. 

An analysis of the inheritance of the fac- 
tors determining the blood-group aggluti- 
nogens (p. 325) in man and other mammals 
indicates that these are transmitted as a set 
of three allelic genes, namely, 4d, Az, and a. 
Genes A and Ag, which respectively deter- 
mine agglutinogens 4 and B, are both domi- 
nant to the recessive gene a, which gives rise 
to no agglutinogens when it is homozygous. 
However, neither 4 nor A, is dominant to 
the other, so that the heterozygous combina- 
tion AA, determines an individual belong- 
ing to group AB. The inheritance of the Rh 
agelutinogens, on the other hand, is deter- 
mined by a more complex set of allelic genes. 

In addition to the cases cited previously 
(p. 507), there are several other genes known 
to be concerned with the hereditary trans- 
mission of abnormalities in man. Polydactyly 
(extra fingers and toes), brachydactyly (short- 
ened fingers and toes), certain cases of dwarf- 
ism, and a number of other relatively rare 
and deleterious characters—all are trans- 
mitted by single pairs of genes. Moreover, 
the gene pairs concerned with the transmis- 
sion of abnormalities tend to be recessive in 
nature. To “remain in circulation,” in fact, 
such deleterious factors are quite apt to be 
recessive, because dominant abnormalities 
tend to be “bred out’ of the species by a 
natural tendency of most individuals to 
choose a “normal” mate. 

The inheritance of mental and other less 
tangible characteristics in the human species 
constitutes an even more perplexing prob- 
lem. In the case of mental qualities, particu- 
larly, exact measurements are difficult to 
make; and it is hard to disentangle genetic 
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factors from the manifold influences of the 
child’s environment. The best evidence re- 
garding the inheritance of mental traits 
comes trom the study of identical twins, in 
whom there is an exact duplication of all 
genetic factors. Such tins, even if they have 
grown up in separate and different environ- 
ments, always show a very Ingh correlation 
of intelligence, as measured by several of the 
available kinds of “intelligence tests.” These 
measurements are admittedly arbitrary, but 
they do provide strong evidence that an mdi- 
vidual’s capacity to learn is largely deter- 
mined by genetic factors. Other traits, such 
as are commonly designated as “personality” 
and “character,” are less highly correlated in 
given pairs of twins. This may merely mean 
that the measurements of personality and 
character are not very reliable: or more prob- 
ably, it indicates that personality character- 
istics are very susceptible to the modilying 
influence of environmental experience. 

It has often been noted that “feeble-mind- 
edness” and a few forms of insanity show a 
marked tendency to “run in families’; and 
the same is true for supernormal talents of 
one sort or another. But closely related indi- 
viduals tend to be exposed to the sume envi- 
ronment, espeqally during the formative 
period of childhood, and the potency of the 
environment cannot be ruled out under these 
circumstances. On the basis of our present 
knowledge, it is possible to say, however, 
that the mental as well as the physical traits 
of the individual are determined in highly 
significant degree by genetic Lactors; but the 
details 
involved, and as to how the action of these 
genes may be influenced by disease, malnu- 
ition, education, economic wellare, and 
other environmental factors—have not yet 
been brought into focus very clearly. 

The laws of heredity have already yielded 
a rich practical harvest in the improvement 
of domestic animals and plants by selective 
breeding. Naturally high hopes have also 
been engendered as to the improvement of 
the human species. But these hopes are 





as to what and how niany genes are 


hampered by enormous difficulties. Our 
knowledge of human heredity ts still rela- 
tively meager in detail, and there is no agree- 
ment as to what goals should be “bred for” 
in any large-scale eugenics program. As to 
an ideal feminine type, for example, college 
men might insist upon the slim exotic beauty 
of some current “pin-up” girl; whereas a 
chauvinistic dictator might want to foster the 
sturdy and fecund qualities of a peasant 
mother. Moreover, mankind is averse to 
tampering with individual rights and preter- 
ences; and it does not seem likely that 
human matings will ever be governed, to any 
great extent, by the dictates of genetic prin- 
ciple. Accordingly, the greatest hope for hu- 
man advancement, at least in the near future, 
still lies in the amehoration of the social, 
educational, and economic conditions of hu- 
man. Jife. 


MUTATIONS 


All the facts of heredity emphasize the 
stability of the genes, since the genes of a 
species are generally transmitted without 
change through many successive cell divi- 
sions, and through many generations of the 
organism as a whole. All the genes of the 
zygote multiply successively as the many cells 
of the developing embryo are formed, so that 
every cell of the adult receives a duplicate of 
every gene originally present in the zygote. 
Moreover, every gene in the diploid germ 
cells of the organism has an equal chance of 
passing on into the next generation by way 
of the gamete cells of the current generation. 

But the stability of genes is by no means 
absolute. On rare occasion a certain gene may 
change, suddenly and dramatically, into a 
new and different gene. This unportant phe- 
nomenon is called mutation.” As a result of 


*Strictly speaking, such a change of one gene into 
another is referred’ to as a point mutation. Some 
heritable changes may result from chromosomal phe- 
homena, such as translocation, duplication, or deletion 
(p. 523), and these are called chromosomal mutations. 
Presurnably a point mutation involves a change in 
the nucleotide sequence (p. 88) of the genic material. 
which is the code of information transmitted by the 
pene (p2027)- ) 


mutation, a new hereditary factor will sud- 
denly appear, and this new gene will in- 
fluence the destiny of the species in a smal] 
or large degree, depending on the nature of 
the change. Quite a number of drastic muta- 
tions are known to have played an important 
role in animal husbandry. Mutant stocks of 


domestic animals—such as hornless cattle, 


short-legged Ancon sheep, and white turkeys 
—have distinctive features that may be more 
desirable than those of the original stock 
(Fig. 26-28). 








Fig. 26-28. 


The silver fox (A), which has a highly 
valued pelt, arose by mutatian from the wild-type red 
fox (B). (A, courtesy of the U.S. Department of Agri- 
culture and the American Museum of Notural Histary, 
New Yark. B, courtesy af the American Museum of 
Notural Histary, New York.) 


A mutation gives rise to a new gene that 
usurps the locus of the old. Consequently the 
mutant gene becomes allelic to the normal 
gene from which it has arisen. In diploid 
cells, only one gene of any allelic pair has 
been known to mutate at a given time, and 
the mutant gene may bear either a recessive 


or a dominant relation to its nonimutated 
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mate. In any event, the mutant gene imme- 
diately occupies the old position in a particu- 
lar chromosome; and thereafter the mutant 
gene enjoys the same linkage relations as its 
normal progenitor. In Drosophila many 
mutations have arisen in pedigreed stocks 
kept under meticulous observation, so that 
in each case it is possible to specify which 
gene is the mutant and which is the normal! 
allele. For example, the gene (w) that deter- 
mines white eye mutated from (IV), the red- 
eye gene; und the gene (b) for black body 
came from (B), the gray-body allele. Never- 
theless, little distinction exists between a 
mutant gene and the normal original, except 
when the former is known to have arisen from 
the latter. In wild stocks, wherein no pedi- 
grees are known, it is not possible to tell 
which member of an allelic series is the 
“original” and which are the mutant genes. 
In fact a study of evolution from the view- 
point of heredity leads to the conclusion that 
virtually all genetic differences—between in- 
dividuals of the same species, and between 
the different species—have resulted from an 
age-old series of mutations extending back to 
the beginnings of life. 

The sudden and unexpected appearance 
of a new heritable characteristic in a known 
stock does not always indicate a mutation— 
in the strictest sense. Such changes sometimes 
result from chromosomal duplications or de- 
ficiencies, such as arise from abnormalities in 
the divisions of the germ cells; they may 
come from the deterioration of one or more 
genes in the germ cell line; or, they may 
indicate a shift in the position of genes in a 
chromosome—since there is a distinct posi- 
tion effect, which may modify the behavior 
of the genes. These phenomena are some- 
times called “mutations”; but a stricter usage, 
confining the term “mutation” to the trans- 
formation of one gene into another, will be 
adhered to in the present account. 

Mutations are recognized by their pheno- 
typic effects, but recessive mutants do not 
produce these effects until the next genera- 
tion, that 1s, until homozygous offspring have 


512 - Heredity and Evolution 


been produced. Mutations may also occur m 
the somatic cells of the organism, but in this 
case the effects are usually Himited to some 
particular part or parts of the body: and 
such changes are not perpetuated mi subse- 
quent generations. ‘Thits, a somatic mutation 
usually produces a mosaic organism, such as 
a drosophila having a red eye on one side and 
‘white eve om the other: 

The phenotypic change induced by a mnu- 
tant gene may be so shght that it can be de- 
tecredi only “by extremely ciel) stds. Olx 
the change may be drastic enough to kill the 
organism. On the basts of the degree of 
phenotypic change (induced by the mittant 
when it is homesygous), Mutations are usu- 
ally classified as (1) slight mutations, which 
can be recogimved only by statistical analysis 
and other special methods: (2) vistble muta- 
tienss. whieh cum be recoemzel 70 a: ohince; 
and (3) lethal mutations, which are so dras- 
tic that the homozygous organism dics before 
reaching sexual maturity. 

Mutation Frequencies. Rare though they 
Ae Mees ihe TAl SO orAbe as os Lilt 
supposed, if all types are considered. In Dro- 
sophila 500 different 
visible mutations were cistineuished in sur- 
veys 25,000,060 
known genetic stock: that is, about 7 flv in 
50,000 plainly showed a mutant quality. And 


melanogaster, some 


covering Individiials of 


when spectal methods were employed Lor the 
detection of Jethals, this tvpe of mutation 
was found to occur about six times more fre- 
quently than visible mutations. 

The methods for esumating the frequency 
of shght mutadons are not exact, but many 
experts believe that slight mutitions may 
take place even more often than either of 
the-other tynes. In juct there ire aw reliable 
estimates for Drosophila uhat indicate that 
between | and 10 percent of the gametes in 
each generation display at least one muta- 
tion of one type or another. In man, the esti- 
mutes indicate that each of us, on the average 
may receive one mutated gene, via the egg or 
sperm, at the time of concepuion, 

A particular mutation, on the other hand, 


will not occur, except rarely, although difter- 
ent genes vary considerably as to their muta- 
bility. .Among certain colon bacteria, for ex- 
ample, the mutation that makes the bacilh 
resistant to streptomycin shows up m only 
about one cell per billion in each generation; 
whereas the mutation responsible for hemo- 
philia in man appears at least once in every 
100,000 gametes. 

The same gene may miltate successively in 
several different directions, giving rise to a 
series of allelic genes. In the fruit fly, for 
example, tle gene J)", the-nonnal, allele of 
white (w) gene, has given rise to 11 mutant 
alleles, each having a different effect itpon 
eye color and upon other phenotypic char- 
AGCENISUICS= DEVEl, Ol NeSe” Mitations: have 
been duplicated in different stocks on difter- 
ent occasions; and in some cases the same 
mutant has arisen from two different alleles. 
Thus in the “white (a) series, the cence 10° 
(eosin) has arisen not only from 1V (red) but 
ilso from w (white); and eosin has mutated 


back to white and also to red. 

AS a general rule the mutant gene has its 
chief effects upon the same part or character 
as the normal counterpart, though the effects 
may vary widely as to quality and intensity. 
Except for this fact, however, mutations ap- 
pear to be quite random in therr phenotypic 
effects; and this is probably why so many 
mutations are lethal in result. In the delicate 
balance of developmental and functional 
processes in a complex organism, any con- 
siderable change is more likely to “gum up 
the machinery” than merely to modify its 
operational behavior, 

some insight is currently being gained into 
the mechanisms of mutation (p. 525). The 
frequency of mittation is known to increase 
at higher temperatures. Moreover, the mu- 
tation rate is mich higher when the organ- 
ism 1s exposed to short-wave radiations such 
as X-rays, radioactivity, and cosmic rays, and 
when cells are treated with certain chemicals, 
notably some of the “nitrogen niistard” 
compounds, ‘There is approximately a three- 
fold tmerease in the lrequency of mutation 


for each 10-degree elevation of the tempera- 
ture, within the range that the organism can 
tolerate. This high degree of temperature 
sensitivity 1s strong evidence that a chemical 
rather than a purely physical reaction is in- 
volved, and this is in good agreement with 
current theory (p. 525). 


GENETIC vs. ENVIRONMENTAL 
VARIATIONS 


Even among offspring of the same _par- 
entage the interplay of genetic and environ- 
mental factors results in great variation 
among organisms—and this accounts for the 
familiar fact that no two organisms are ever 
exactly identical. But sharp distinction must 





be made between environmental variations, 
which are not perpetuated by the mechan- 
isms of heredity, and genetic variations, 
which are so perpetuated. Environmental 
variations are referred to more technically as 
modifications; but the importance of mod)i- 
fications will be discussed later (Chap. 28). 

The lollowing classification serves to sum- 
marize and systematize the several kinds of 
genetic variations that have been mentioned 
during the discussion on heredity: 

1. Recombinations. Differences among off- 
spring due to segregation, independent as- 
sortment, crossing over, random fertilization, 
and other normal operations of the chromo- 
somal mechanism. 

2. Aberrations. Variations due to occa- 
sional irregularities in the behavior of the 
chromosomes. 

3. Mutations. Transformations by which 
one gene changes into another. 

Recombination. The numbers of different 
phenotypes and genotypes produced in sev- 
eral simple crosses were analyzed previously. 
These results may be extended and general- 
ized as follows. Assuming the absence of 
complete linkage (and this is generally true), 
any organism that is heterozygous for m pairs 
of genes will produce 2” genetically different 
kinds of gametes. Or if one parent is hetero- 
zygous for m pairs, and the other for mn dil- 
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ferenteaene pairs, there willebe 2057" ditter: 
ent genotypes among the offspring. Or if 
both parents are heterozygous for the same n 
pairs of genes, the number of genotypically 
different offspring will be 3”. If dominance is 
entirely lacking, the numbers of phenotypes 
and genotypes will be equal; otherwise the 
number of phenotypes will be less, although 
the recessive genes will all appear in subse- 
quent generations and [requently a recessive 
gene may have significant “side effects’ in 
each generation. 

In general, therefore, the number of genet- 
ically different offspring increases more and 
more rapidly as the parents become hetero- 
zygous for more and more gene pairs; or In 
mathematical language, genetic variation In- 
creases exponentially with heterozygosity. 

Only a small minority of species are self- 
fertilizing; and a majority of organisms, as a 
result of random mating, are heterozygous 
for many genes. Under these conditions, con- 
sequently, the production of two genetically 
identical offspring becomes virtually 1mpos- 
sible, except where more than one individual 
arises from the same zygote (identical twins, 
triplets, etc.). In man particularly, owing to 
random mating and the conservative rate of 
breeding, genetic identity between any two 
children lies quite beyond the range of prac- 
tical possibility. 

Aberration. The processes of mitosis and 
meiosis are extremely precise and regular, 
but now and again a ship-up may occur while 
the countless cells of the species proceed with 
their divisions. Sometimes a chromosome, or 
tt Whole set of chromosomes, may be gained, 
lost, or misplaced; or just a fragment of a 
chromosome may experience a similar fate. 
Moreover, if such an aberration occurs in the 
cells of the germ cell line, a new and differ- 
ent complex of chromosomes will automati- 
cally be transmitted to the offspring; and the 
changed genetic constitution of the species 
will be perpetuated. 

‘The commonest and most important type 


of aberration involves the gain of one or 


more whole sets of chromosomes. This may 
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result 1f a nucleus fails to divide alter the 
chromosomes have divided, or if two daugh- 
ter nuclei fuse before the cell divides. Such 
an aberration occurring in a germ cell may 
lead to the production of diploid (27) gam- 
etes. Such gametes give rise to triploid (37) 
offspring if fertilized by normal (n) gametes; 
or to tetraploid (47) offspring if fertilized by 
other diploid gametes. 

Both triploid and tetraploid individuals 
have been Iound in many species (Fig. 26-29). 
Tetraploids particularly are apt to be larger 
than their diploid prototypes; and a number 
of other phenotypic differences may accom- 
pany the aberration. 

As to the production of gametes, triploid 
and tetraploid individuals differ quite mark- 
edly. Usually all the gametes of a tetraploid 
are diploid, and all are capable of taking 
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FRUITS 
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Fig. 26-29. 


DIPLOID 


part in fertilization. But the gametes of a 
triploid individual vary as to their chromo- 
some count, all the way from n to 2n, with a 
majority falling in the intermediate range. 
And since only the » and 27 gametes can 
participate successfully in fertilization, tri- 
ploid individuals are highly sterile. 

In nature many tetraploid stocks are found 
among plants, but very few animal tetra- 
ploids occur. Among cross-fertilizing species 
there is little chance that both parents should 
simultaneously produce aberrational (27) 
gametes; and unless this occurs the aberra- 
tion 1s almost certain to be eliminated in the 
next generation, due to the sterility of the 
triploid offspring. But among seli-pollinating 
plants, a single aberration may reach both 
the male and female gametes, and thus tetra- 
ploidy has a fair chance of becoming estab- 








TRIPLOID 


TETRAPLOID 


Flowers, seed copsules, and chromosome graups of haploid, 


diplaid, triploid, and tetraploid Jimson weeds (Dotura stramonium). The 
smoll size of the seed capsules of the haplaid and triploid plants is due to 
the low fertility of these forms, producing relatively few seeds. (Adapted 


from Blakeslee.) 
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DIPLOID (14) 


PENTAPLOID (35) 
Fig. 26-30. 


HEXAPLOID (42) 


Chromosome groups of different species of roses. Some of these 
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forms (those with odd chromosome numbers, at least) are probobly hybrids. 


(After Tackholm.) 


lished in such species. In fact quite a num- 
ber of species in closely related plant groups 
have chromosome numbers that are multiples 
of a common factor (Fig. 26-30). In any 
tetraploid stock, subsequent aberrations oc- 
curring over a period of many years may re- 
sult in the production of othec stocks that 
are hexaploid (67), octaploid (87), and so 
forth. 

Other types of aberration, which also can 
be important in the origin of species, display 
quite a variety of forms (Fig. 26-31). Defi- 
ciencies, because of the loss of one chromo- 
some, or any fragment of a chromosome; 
duplications, as a result of the presence of 
an extra chromosome or any of its pieces; 


| r 


DEFICIENCY 


Fig. 26-31. Types of aberrations. In 
each case the normal chromosome 
is shown on the left, the obnormol 
one on the right. 


translocations, owing to the attachment of a 
piece to some other chromosome; and inver- 
sions, resulting from the rejoining, by the 
wrong ends, of two pieces of a single chro- 
mosome—all have important genetic conse- 
quences that have been studied very inten- 
sively in Drosophila. Irradiation of animals 
and plants with x-rays greatly increases the 
occurrence of such aberrations, since the 
X-ray treatment tends to produce a fragmen- 
tation of the chromosomes. Careful studies 
of the chromosomes of several closely related 
species have shown that the difference be- 
tween two species may, in some cases, arise 
suddenly by chromosomal aberration. In one 
case, for example, a single inversion occur- 
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ring in just one chromosome produced a new 
stock that was sufficiently different from the 
old to be considered as a separate species. 

Selective Breeding: Artificial Selection. 
Except for species with a long history of self- 
fertilization, animal and plant populations 
tend to be extremely mixed: that 1s, com- 
posed of individuals that are heterozygous for 
many different puirs of genes. In consequence 
of this heterozygosity, most species display a 
high degree of genetic variability, and such 
species are very plastic from the viewpoint 
of experimental breeding. 

Artificial selection has produced many 
“breeds” of animals and plants, according to 
man's need or fancy. Attempts to improve 
the quality of domesticated animals and 
plants were started long before the laws of 
heredity were understood, and many valu- 
able breeds were created by hit-or-miss meth- 
ods. However, modern genetics has greatly 
accelerated the processes of selective breed- 
ing, because modern breeders select their 
crosses logically and efhiciently, according to 
the laws of segregation, assortment, linkage, 
etc. Accordingly, it 1s now possible to “pick 
apart’ the hereditary qualities of a given 
species and to assemble its desirable qualities 
Into a new stock that can be depended upon 
to breed true in subsequent generations. 

Animal breeding is more difhcult because 
none of man’s domestic animals can be self- 
fertilized. However, pure lines of true-breed- 
ing animal stocks can eventually be obtained 
by persistent continued inbreeding. 
Strictly speaking, inbreeding involves broth- 


and 


er-sister matings mn every gencration; but in 
practice first cousin crosses ure more fre- 
quently employed. The final goal of the in- 
breeder is to establish complete homozygosity 
with reference to all gene pairs that have any 
effect upon the qualities of the organism that 
are being \“brecdelon.. Jur the se1se ol sek. 
fertilizing species this goal may be reached in 
six generations of inbreeding; but brother- 
sister inbreeding reqiures about three times 
as many generations, and cousin crosses even 
more. 


To take a crude example, suppose that the 
problem is beef production, and the cattle- 
man owns a large herd with a long history of 
random mating. In this case, the muscle 
weight of the herd would show tremendous 
variation between the heaviest and lightest 
animals. If the two heaviest specimens of the 
herd are selected as parents, the offspring 
will still vary widely in weight, but the aver- 
age weight of the sclected group will be 
greater than that of the herd as a whole. 
Similarly if the two champions of the selected 
group are crossed, the average weight of the 
F., selectees will be still greater. Finally, how- 
ever, after about 20 generations of such selec- 
tive inbreeding, a maximum weight will be 
reached. Continued inbreeding will maintain 
the heavily meated stock, but further mm- 
provement will not occur. The stock has be- 
come homosygous for all genes concerned 
with muscle weight and, therefore, no fur- 
ther improvement can be expected, except 
on the rare chance of a favorable mutation 
or aberration. The breeder must now resort 
to outcrossing with the champion of some 
other famous pedigreed herd, in hopes that 
a still more favorable combination of “meat 
genes’ may be obtained. If so, the process of 
selection may proceed again until a peak of 
homozygosity is gained in the new and better 
stock. 

In practice, the problem is not so simple 
as 1s indicated by the foregoing description. 
The breeder must simultaneously select for 
other qualities in addition to “meat weight.” 
Of what avail is a meat champion 1f the new 
stock is susceptible to disease. cold, or other 
unlavorable environmental factors; or if the 
stock displays a reduced capacity to multiply? 
In fact, the very process of inbreeding may 
leadl to a decrease in the general vigor of the 
inbred line us compared to the mixed popu- 
lation, unless the breeder pays close attention 
to the factors of health and resistance in mak- 
ing his parental selections. The tendency ol 
an inbred stock to lose vigor 1s not due to in- 
breeding as such, but to an accidental accn- 
mulation of deleterious recessive genes as the 


degree of homozygosity increases. Unfavor- 
able recessives are apt to be widely spread in 
any mixed population, since heterozygous in- 
dividuals, which suffer none of the injurious 
effects, continue to act as carriers. But in- 
breeding tends to increase homozygosity and 
there is always a good chance that unfavor- 
able recessives may become homozygous in 
the selected stock. On the other hand, it 1s 
quite possible, by selecting only the most 
vigorous and fertile indivicluals of each gen- 
eration, to produce a highly inbred line that 
is superior to the original mixed population 
as to general health, vigor, and fecundity. 
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The results of aruficial selection can be 
most startling. Among dogs, for example, 
one can scarcely believe that the “pocket 
Mexican hairless” belongs to the same spe- 
cies as the gigantic Great Dane. But always 
a limit is reached as to how far a certain 
quality may be carried in a given clirection; 
and barring mutations and aberrations, this 
lnmit cannot be exceeded by selection. Arti- 
ficial methods of increasing the frequency of 
mutations are too recent to have yielded 
many practical results, but perhaps these 
methods can eventually be adapted to utili- 
tarlan purposes. 


TEST QUESTIONS 


1. Explain how and why the known processes 

of cel] division and sexual reproduction con- 

vinced biologists, even before they knew any- 

thing about genes, that the mechanisms ol 

hereditary transmission must reside in the 

nuclei of the gametes (and other germ cells). 

Explain the meaning of the phrase “con- 

tinuity of the germ cells,’ exemplifying the 

discussion by describing the “germ cell cycle’ 
of the frog. 

3. How does the prophase of the first matura- 
tion (meiotic) division, as it occurs in sper- 
matogenesis (and odgenesis), differ from the 
prophase of an ordinary (mitotic) division? 
(At least three differences should be men- 
tioned.) 

4. Answer the foregoing question with reference 
to (a) the metaphase of the first maturation 
division and (b) the prophase of the second 
maturation division. 

5. Discuss the similarities and differences be- 
tween spermatogenesis and odgenesis, em- 
phasizing the functional importance of these 
points of comparison. 

6. What is synapsis? When does it occur? What 
are its genetic consequences? 

7. Define and localize: (a) spermatogonia (and 
odgonia); (b) tetrads; (c) secondary spermato- 
cytes (and odcytes); (d) spermatids; (e) polar 
bodies, and (f) ripe ovum. 

8. Explain the meaning of the phrase “free 
assortment of the chromosomes during meio- 
sis,’ using the sperm produced by a sperma- 
tocyte with two pairs of chromosomes (da 
and Bb) to exemplify the discussion. 


Iso 


9. Make a sertes of labeled diagrams to show all 
the stages of maturation in a spermatocyte 
having two pairs of chromosomes (da and 
Bb). 

10. Specify all the possible types of gametes that 
can be formed by each of the following types 
of spermatocyte: 


ae AA TOO CE 
b. AA Bb Cc 
Cc Aa Bo Ge 


11. Ajl the offspring produced by crossing red 
four-o’clocks with white ones have pink 
flowers. What proportions of what flower 
colors will be yielded among the direct off- 
spring of each of the following crosses: 

a. pink x pink 
b. pink x red 
é. pink < white 
d.«réd ><winite 

12. Among the various offspring from the fore- 
going crosses, indicate those that are (a) 
homozygous and (b) heterozygous. 

13. In summer squashes, white fruit (1) is domi- 
nant over yellow fruit (y). If a squash plant 
homozygous for white is crossed with one 
homozygous for yellow, what will the geno- 
type and phenotype ratios be: 

a. if two of the F, individuals are inbred 

b. if one of the F, is mated with its white 
parent 

c. if one of the F, is mated with its yellow 
parent 

14. In the fruit fly, long wing (V’) is dominant 
over vestigial wing (v). What results would 


be obtained when a_ heterozygous long- 
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ya 


winged fly is crossed with a_ short-winged 
individual? 
What is a backcross experiment? Why is the 
backcross so useful tn genetics? 
Rough-coated guinea pigs crossed to smooth- 
coated pigs produce only rough-coated Fy, 
offspring. What results would be obtained: 
a. by inbreeding the F, individual 
b. by backcrossing one of the F, pigs 
Twenty-five percent of the offspring of a cer- 
tain pair of white sheep are black. What was 
the genotype ol the parents? 
Explain the statement that hereditary trans- 
mission is particulate in character. 
After many generations, what result would 
be antiipated if one black sheep (sce Ques- 
tion 17) were introduced into a herd of pure- 
bred (homosygous) whites: 
a. assuming the heredity to be particulate 
(as it 1s) 
b. assuming a “blending type’’ of heredity 
(as it is not) 
In summer squash, white fruit () is domi- 
nant to yellow (y), and flat fruit (R) 1s domi- 
nant to round (7). The selected parents are 
a plant with white, flat fru (YY, RA), and a 
phint with vellow, round fruit. Specify the 
phenotypes and genotypes and their respec- 
Live FAtios: 
a. in the F, generation 
b. in the F, generation (inbreed the F, 
plaints) 
¢. among the offspring obtained by back- 
crossing one of the F, plants 
An albino (pure white) guinea pig with a 
rough coat is mated with a black one with 
a smooth coat. The F, offspring are all black 
and rough. What would be the genotype and 
phenotype ratios in the F., gencration? 
A heterozygous black, smooth-haired guinea 
pie (Ouestion..2)). iss*erossed: to: a5 white; 
heterozygous, rough-haired mate. What phe- 
notype and genotype ratios would: be ex- 
pected among the direct offspring of this 
cross? 
Carefully differentiate between the members 
of each pair of terms: 
a. the phenotype and the genotype of an 
individual 
b. a homozygous and a heterozygous indi- 
vidual 
c. sex chromosomes and autosomes 


on. 


rap 


30. 


d. sex linkage and ordinary linkage 
e. complete and incomplete linkage 
In tomatoes, red fruit (}’) is dominant to yel- 
low (y) and tallness (D) is dominant to 
dwarfism (d); the two pairs of genes have 
their Joc: in the same pair of chromosomes; 
and the linkage is complete. What pheno- 
type and genotype ratios would be expected 
among the direct offspring if both of the par- 
ents are red (heterozygous) and tall (hetero- 
zygous). 
Assume that the linkage relation in the par- 
Y |y 
ents given in Question 24 is Ip d and that 
the cross-over value between the gene pairs 
is ]0 percent. Specify the gametes of such a 
parent and indicate the relative abundance 
of cach gamete type. 
In rabbits, black coat (B) 1s dominant to 
brown (b) and Jong hair (S) 1s dominant to 





short (s). Derive the phenotypes and geno- 
types to be expected when a heterozygous 
long-haired pig is crossed to a brown short- 
haired mate: 

a. assuming that the two gene pairs have 
their loci in separate pairs of chromo- 
somes 

b. assuming that the loci are in the same 
pair of chromosomes and that the link- 
age is complete 

Make a diagram to show how sex is inherited 
in Drosophila (and in man and many other 
organisms). 

What is the basis for referring to the Y chro- 
mosome of Drosophila as a “dummy’’? 

In the fruit fly, red eye (IV) is sex-linked and 
dominant to white eye (wu). Specify the dis- 
tribution of eve color (a) among the males, 
and (b) among the females, derived from 
each of the following crosses: 

a. white-eyed female X red-eyed male 

b. heterozygous red-eyed female x white- 
eyed male 

c. heterozygous red-eyed female x _ red- 
eyed male 

In man, normat vision (B) is dominant to 
red-green color blindness (6), and this trait 
is sex-linked. Specify the distribution of nor- 
mal and defective eycs among the sons and’ 
daughters produced by each of the following 
matings: 

a. color-blind mother and normal father 


31. 


33. 


34, 


35. 


b. heterozygous normal mother and color- 
blind father 
c. heterozygous normal mother and nor- 
mal] futher 

Enumerate the problems that have made it 
dificult to anulyze the details of human 
heredity. 
If each phenotypic characteristic of the or- 
ganism is determined by several or many 
pairs of genes, how jis it possible that simple 
Taos (for example, 3:1 andl: Zech) are ‘ob- 
tained in the F, generation when the inheri- 
tance of a particular characteristic is stud- 
ied? 
Define the term population genetics. Mlus- 
trate this explanation with reference to Sny- 
der’s study of the inheritance of “tasting 
capacity.” 
Who coined the phrase “inborn crrors of 
metabolism’? Give three examples ot this 
phenomenon. Explain how and why a study 
of these metabolic defects lends support to 
the “one gene, one enzyme’’ hypothesis (p. 
Dz9), 
What difficulties were encountered in de- 
termining the exact chromosome complement 
of man? Explain how these difhculties were 
surmounted. Explain how certain chromo- 
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somal aberrations are related to certain grave 
pathological situations. 

Discuss the phenomena of mutation, accord- 
ing to the following topics: 

definition of the process 

types of mutation 

frequency of the types 

factors that may modify the frequency 


co Ro oP 


proof that a mutation cannot represent 
the mere loss or destruction of a gene 
f. relation of mutations to evolution 
Carefully differentiate between the members 
of each puir of terms: 
a. genetic and environmental variation 
an aberration and a true mutation 
a deficiency and a duplication 
translocation and inversion 


Deane 


triploidy and tetraploidy 
f. artificial and natural selection 
Discuss the problems of selective breeding, 
emphasizing particularly: 
a. the gencral technique 
b. relation between inbreeding and homo- 
zygosity 
c. the dangers of inbreeding and how 
these may be overcome 
d. the practical value of the method 
e. the limitations of selective breeding 
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Ita Nature and 
Mode of Action 


TRAE GENERAL couchusions as: to ay bat 
genes are and how they act are now widely 
accepted: (1) each gene is part of a specific 
DNA compound; (2) genic elkects upon de- 
velopment are medtated mainly by enzymes; 
and (3) each gene is responsible for guiding 
the synthesis of some particular one of the 
protein catalysts of the organism. These 1m- 
portant conclusions have been reached within 
the past five years, although the origins go 
back almost a full century. In 1869 Friedrich 
Miescher first extracted a type of material, 
which he called nuclemn, from fish sperm and 
from the nuclei of thymus gland tissue. Since 
then the trail of evidence that finally has led 
to the identifying of DNA as the code bearer 
in heredity has been long and complex. Only 
a few of the principal clues can be given in 
any short account, however. 


IDENTIFICATION OF DEOXYRIBONUCLEIC 
ACID (DNA) AS THE GENIC MATERIAL 


It was first realved an 1914, asa result of 
a staming technique devised by Robert Feul- 
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gen, that deoxyribonucleic acid is the one 
kind of substance found almost exclusively 
in nuclei and that a large proportion of the 
chromosomal material consists of DNA. But 
it was almost 1950 before quantitative meas- 
urements—by A. E. Mirsky and Hans Ris of 
the Rockefeller Institute and by A. Bowin 
and C. Vendrely of the University of Stras- 
bourg—showed that the DNA content of the 
nuclei in each organism is of a definite quan- 
tity in each species. Moreover, the haploid 
nucler of a species contain exactly half as 
much DNA as the diploid nuclei; and if 
tetraploid nuclei occur, as they do occasion- 
ally in some tissues (for example, liver), 
these polyploid nuclei contam quadruple the 
haploid amount of DNA. 

The foregoing observations indicated that 
there must be a very close relationship be- 
tween DNA and the genic material. Then, 
later, a more direct demonstration that DNA 
determines hereditary transmission came 
from the bacterial transformation experti- 
ments of F. Griffith in England and_ of 
O. T. Avery, C. M. MacLeod, M. McCarty, 


and R. Hotchkiss working in the United 
States. 

Bacterial Transformation. Previous to the 
discovery of bacterial transformation, it was 
generally believed that the only manner in 
which genes could be passed on from genera- 
tion to generation was by way of chromo- 
somes, transmitted by the complex mecha- 
nisms of mitosis, meiosis, and fertilization. 
The transformation experiments, on the other 
hand, led imevitably to the conclusion that 
certain bacterial genes can be passed from 
cell to cell through the culture medium in 
which the bacteria are growing, and that the 
transmitting agency must be DNA. 

Some 30 different bacterial transforma- 
ttons have now been studied. Here, however, 
only one will be described. This deals with 
the inheritance of a protective capsule in 
Diplococcus pneumoniae, the pathogenic 
agent that causes bacterial pneumonia in 
man. 

Two strains of this bacterium can be dis- 
tinguished—one naked, the other covered by 
an easily vistble capsule. Each of these strains, 
cultured separately, breeds true; that is, the 
naked and the covered types each give use 
only to their own kind. However, if naked 
cells are exposed to a medium prepared from 
killed, byoken-up, covered cells, quite a num- 
ber of the previously naked cells now de- 
velop capsules. Following this transforma- 
tion, moreover, the newly encapsulated 
strains retain this characteristic from genera- 
tion to generation indefinitely. In other 
words, a heritable change has been stamped 
upon an organism by material transmitted 
through the environment. 

Further experiments clearly showed that 
the bacterial transforming material is always 
one or more of the high molecular weight 
DNA compounds, devoid of any protein. In 
some experiments, two transformations—for 
example, encapsulation and drug resistance 
—have been induced to occur simultane- 
ously; and such changes may display linkage 
phenomena when their further hereditary 
transmission is followed. Moreover, the bac- 
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teria show waves of susceptibility to trans- 
formation, which may be correlated with the 
diviston cycles of the cells. 


MACROMOLECULAR STRUCTURE OF DNA 


A tremendous impetus to the study of bio- 
chemical genetics resulted in 1953 from the 
collaboration of F. H. C. Crick, an English 
worker, and J. D. Watson, an American. The 
Watson-Crick model of the molecular struc- 
ture of DNA, which is shown in Figure 27-1, 
represented a synthesis of data from many 
sources; subsequently the essential features 
of this structure have been validated by many 
kinds of evidence. Consequently it was not 
surprising that a Nobel Prize was awarded to 
Crick and Watson, in 1962. 

Previous analytical work by E. Chargaff 
at Columbia University, and by Mirsky and 
co-workers at the Rockefeller Institute, pro- 
vided helpful preliminary information. Unit 
for unit adenine and thymine are always 
equal to each other in any DNA molecule, 
and the same is true for the other two organic 
bases, guanine and cytosine (Fig. 27-1). 
Moreover, the molecular dimensions of DNA 
structure (Fig. 27-1) were ascertained by the 
x-ray diffraction studies of M. H. F. Wilkins 
and others at King’s College, London. The 
Watson-Crick structural model recognized 
these (and other) features. The analysis 
showed that only a double helix, such as is 
shown in Figure 27-1, would fit all the speci- 
fications. 

The rungs of the coiled ladderlike struc- 
ture of DNA are constituted by base pairs— 
cytosine-guanine and adenine-thymine—at- 
tached to one another by hydrogen bonds 
(p. 87). The sides of the ladder are formed 
by two (deoxyribose) sugar-phosphate chains, 
running in opposite directions, on either 
side. The space is restricted, however. Only 
a purine-pyrimidine pair (C—G or G—C or 
A—T or T—A) can achieve hydrogen bond- 
ing across the rungs of the ladder (Figs. 27-1 
and 27-2). 

The length of the double helix of a DNA 


522 - Heredity and Evolution 


macromolecule may be exceedingly long. Fre- 
quently more than a thousand base pairs are 





Fig. 27-1. Diogrom of the Watson-Crick model of a 
section of o DNA molecule. Note thot the double 
helix is formed by two. sugar-phosphote chains 
(_-_S——P—-S—-P—_), which run porollel to each other in 
opposite directions. The ‘‘cross bars” or “rungs,’’ which 
hold the coiling sides of the ‘ladder’ together, ore 
constituted by base pairs, adenine—thymine (A=T) 
ond guanine=cytosine (G=C), bound to eoch other 
by hydrogen bonds (—). The base poirs moy occur in 
any sequence, but the specific sequence in any one 
DNA molecule serves to determine the triplet code of 
protein synthesis. (After Watson and Crick.) 


HYDROGEN THYMINE ,, 
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il y <c—H 
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Neate ZG // 
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DEOKY- RIBOSE 
RIBOSE H 
Fig. 27-2. Base pairs thot form the “cross bors”’ of 


o DNA molecule. The size and shope of these purine 
ond pyrimidine units determine their copocity to be 
bound tagether by hydrogen bonds, which stabilize 
the macromoleculor structure. (After Crick.) 


represented. Moreover, a different molecule 
occurs each time the sequence of the base 
pairs 1s shifted. Therefore it is safe to say that 
an almost infinite variety of DNA molecules 
exist—corresponding to the almost infinite 
variety of genes that have arisen during the 
evolution of our many species. 

Self-templated Replication of DNA. A self- 
guided type of replication must be a prime 
requirement for any genic material. Accord- 
ingly, a mechanism for the replication of 
DNA has been proposed by Crick and others. 
This 1s diagramed in Figure 27-3. 

The double helix presumably uncoils and 
separates into single strands, on which the 
bases of the successively arranged nucleotides 
occupy exposed positions. Then, if an ade- 
quate supply of the proper kinds of free 
nucleotides ts present in the cell, these nu- 
cleotides become bonded in proper order— 
by virtue of the base-pair rule (p. 134)— 
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Fig. 27-3. Crick hypothesis an the mechanism of DNA replicotion. Note thot 
the base-pair rule operotes in the assembling of the nucliotides. As a result 
of such self-templated replication, eoch of the new DNA units is an exoct copy 
of the original. Symbals in the sugar-phasphate chain are S and P, respectively; 
in the base pairs, A, T, G, and C are adenine, thymine, guanine, and cytosine, 
respectively. 


along each of the separate single strands. 
Finally a new sugar-phosphate chain is 
formed, and a re-coiling of the double helix 
occurs. In short, each single strand serves as 
a template for the building of a complemen- 
tary strand; and finally, each of the new 
double helices constitutes an exact replica of 
the original one. A complex sort of auto- 
catalysis has occurred. 

Recent evidence strongly supports this con- 


cept of the mechanism of DNA replication. 
Particularly important in this regard are the 
experiments of Arthur Kornberg at Wash- 
ington University. Kornberg worked on the 
synthesis of DNA in cell-free bacterial prepa- 
rations (see below). Also important are the 
studies on viral DNA replication conducted 
by T. F. Anderson and S. S. Cohen at the 
University of Pennsylvania, A. D. Hershey 
and M. W. Chase at the Carnegie Laboratory 
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in Cold Spring Harbor, N.Y., and Seymour 
Benzer at Purdue University. 

Kornberg demonstrated self-templated syn- 
thesis of DNA in a medium prepared from 
disrupted bacterial cells. This preparation 
contained a good supply of the four varieties 
of free nucleotides and an enzyme designated 
as DNA polymerase, which catalyzes the 
formation of linkages in the sugar-phosphate 
chain. No synthesis of DNA occurred, how- 
ever, unless some preformed DNA was added 
to the system. But when just a small amount 
of preformed DNA was added as a primer, 
new DNA was synthesized vigorously. And, 
most important of all, the “new” DNA ap- 
peared 10 ue widentical tothe “ald. “A: sta- 
tistical analysis showed that the base-pair 
constitution of the newly synthesized DNA 
Was exactly the same as that in the priming 
sample—regardless of the source and nature 
of this sample. In some cases, DNA from the 
same bacterial species was used; but in other 
cases the primer DNA was of viral origin or 
even more remarkable, DNA extracted from 
animal cells. 

Replication of Viral DNA. Viruses, of 
course, display many resemblances to genes. 
Some biologists, indeed, regard viruses as 
“parasitic -cenes,” In-any “event, the «mecha- 
nisms of replication in genes and viruses are 
very similar, if not identical. Consequently 
the recent experiments on virus replication 
are highly significant. 

Most of the experiments were done with 
the bacteriophage virus (strain T,), which 1s 
shown in Figure 1-4; and the bacterial host 
was one of the human colon bacilli, Escher- 
icivaacoll, also. shown: am, Pigure 1-t. he 
DNA fraction of the virus was labeled by 
incorporating radioactive phosphorus (P%?) 
into the phosphate parts of the molecule, and 
the protein fraction was identified by the in- 
corporation of radioactive sulfur ($5). In 
some experiments the viral DNA and pro- 
tein were radioactively labeled in advance; 
but in others, the precursory compounds 
(phosphate acids) containing 
radioactive atoms were added to the culture 


and amino 


medium in which the bacteria (and viruses) 
were growing. 

A bacterium infected by one particle of 
virus is destined to survive for only 24 min- 
tes (at -20°@), “rhen the bactemal\cellosud: 
denly disintegrates. This hberates about 200 
new virus particles into the culture medium, 
each ready to carrv the infection to another 
bacterium. It is important, therefore, to de- 
termine precisely how this remarkable pro- 
cess of replication is achieved. 

A study of the virus particle shows that all 
its content of DNA les in the _ so-called 
“head (Fie, 1-48); a swollen rounded part; 
whereas the “tail” is formed solely of pro- 
tein, which also forms a thin skin covering 
the DNA core of the head. When infection 
occurs, the tail makes contact with the sur- 
face of the bacterium, but only the DNA part 
of the virus-actually enters into: the bacterial 
cell. “The protein part remains attached to 
the cell surface and eventually weakens this 
surface, by virtue of an enzymic activity. The 
whole responsibility for achieving a reduplh- 
cation of the virus is assumed by the DNA 
fraction, which penetrates into the interior 
of the bacterial cell. The protein. is impor: 
tant, however, in spreading the infection and 
Ine Carisine a dysis-Ol the cells, but at is: mot 
essential to the actual process of replica- 
tion. 

The fate of the DNA, which goes into the 
bacterium, can also be followed, at least to 
some extent. Within 12 minutes, the viral 
DNA increases to about 200 times its original 
amount. About one third of this increase 1s 
at the expense of preformed nucleotides pres- 
ent in the bacterium, but mainly it represents 
new synthesis that utilizes inorganic phos- 
phate from the culture medium. And while 
the viral DNA increases quickly, viral pro- 
tein slowly begins to appear inside the bac- 
terium, where at first it was completely ab- 
sent. Indeed, no complete new virus particles 
(viral DNA plus viral protein) can be found 
i the bacterium until the very Jastspart ol 
the infection cycle. By this time, however, the 
viral protein has also increased about two 


hundrediold. Finally, therefore, about 200 
complete new virus particles can be liberated, 
when the infected bacterium goes to pieces. 

These studies on viral replication are 1m- 
portant. Not only do they demonstrate that 
a self-templated synthesis of viral DNA oc- 
curs, but they also show that a close relation- 
ship exists between DNA and protein syn- 
thesis. Genic materials, apparently, are capa- 
ble of templating the synthesis of other sub- 
stances, as well as of themselves. In a sense, 
therefore, genes are both autocatalytic and 
heterocatalytic. 


DNA-RNA-PROTEIN INTERRELATIONSHIPS 


That ribonucleic acid (RNA) ts essential 
for the synthesis of proteins, including en- 
zymes, was suggested some twenty years ago 
by the work of ‘T. O. Casperson of Stockholm 
and of Jean Brachet of Brussels. But only 
within the past five years, as the result of 
many studies, has it become apparent that 
the processes by which DNA, RNA, and pro- 
teins are synthesized are related to one an- 
other in a complex and fascinating manner. 

In the ordinary cycle of cell division, an 
active new synthesis of DNA does not occur 
during mitosis or meiosis—while the chro- 
mosomes are compactly formed—but in_ be- 
tween times—when the chromosomes are 
greatly extended (Fig. 2-1]B) and when (pre- 
sumably) the helical structure of the DNA is 
to a large extent uncoiled. 

It has recently been proved that DNA can 
template the synthesis of RNA as well as of 
itself. Each single strand of uncoiled DNA 
assembles a complementary strand of RNA. 
This assembling process follows the base-pair 
rule—except that thymine (which 1s absent 
from RNA) ts replaced by uracil in the pair- 
ing. Affiliation between the strands of DNA 
and RNA is short-lived, however. After sepa- 
ration, the RNA remains in single-stranded 
state. But eventually, aiter selfi-templated 
synthesis has occurred, DNA resumes its 
double-stranded helical form. The sugar of 
the sugar-phosphate chain, in the case of 


Genes: Nature ond Mode of Action - 525 


RNA is ribose, of course, rather than deoxy- 
ribose. 

Such a heterocatalytic templating of RNA 
synthesis has been demonstrated most di- 
rectly in cell-free bacterial preparations by 
Samuel Weiss at the University of Chicago 
and by Jerard Hurwitz at New York Univer- 
sity; and in phage virus replication by Elliot 
Volkin, at the Oak Ridge National Labora- 
tory. Moreover there has been considerable 
confirmatory evidence derived from the cells 
of higher organisms. 

By templating the synthesis of RNA, DNA 
assumes indirect control over the synthesis 
of the enzymes and the other protein com- 
ponents of the organism, as was partly ex- 
plained in Chapter 4. 

Kinds of RNA. There are at least three 
kinds of RNA and each has a different mis- 
sion to fulfill in the cytoplasm. Ribosomal 
RNA, a very stable form of high molecular 
weight, takes up a fixed position in the ribo- 
somal membranes (p. 25). Here, presumably, 
it determines the alignment of the second 
kind, called template RNA. Template RNA 
(also called messenger RNA) is likewise of 
large molecular size, but it is relatively un- 
stable. Template RNA keeps breaking down 
as its mission in protein synthesis is consum- 
mated. Consequently new template (messen- 
ger) units must, from time to time, originate 
from the nucleus. Template (messenger) 
RNA, moreover, ts the bearer of the genetic 
code. The base sequence in this fraction de- 
termines the amino acid sequence in the 
protein being synthesized. In other words, 
the template for protein synthesis 1s carried 
by the messenger, or template, form of RNA. 

The third form of RNA is of low molecular 
weight and it is freely dissolved in the cyto- 
plasm. This form is called transfer RNA 
(also sRNA, or soluble RNA) because it 
serves to pick up amino acids from the cyto- 
plasmic pool and to bring these units of 
protein structure into proper aignment upon 
the synthesizing template. And here again 
the base-pair rule operates to determine the 
affiliations between the transfer and the tem- 
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plate forms of RNA. Thus the base-pair rule 
plays a crucial role in determining the pre- 
cise order of amino acids in the peptide chain 
of the synthesized protein (Fig. 4-20). In the 
last analysis, therefore, the base-pair sequence 
of the genic DNA eventually determines the 
amino acid sequence in the protein compo- 
nents of each organism. 

The situation is even more complex, how- 
ever. Not only is a specific enzyme required 
for each amino acid as it affiliates with trans- 
fer RNA, but energy, provided by ATP, must 
be available. Moreover, the formation of pep- 
tide bonds, which link the amino acids to- 
gether after they have been aligned properly 
upon the template, requires a further fund of 
energy. This is provided by another high- 
energy phosphate compound, namely gua- 
nine triphosphate (GTP). The fact remains, 
however, that the base order of the genic ma- 
terial finally determines the amino acid se- 
quence in the proteins of the organism. Thus 
the specific enzymes of a species are a product 
of its genes. 


THE GENETIC CODE 


Deciphering the code of biochemical tn- 
struction, which is built into the DNA inher- 
itance of an organism, represents a truly 
formidable problem. Considerable progress 
has recently been made, however, mainly as 
a result of experiments by Crick, Ochoa, 
Nirenberg, Benzer, Hurwitz, and others. Iwo 
principal methods have been valuable: (1) 
studies on protein synthesis in cell-free bac- 
terial “preparations: (>. 524); tov which are 
added artificially synthesized samples of (tem- 
plate) RNA—in which the sequence of bases 
is known, and (2) studies on the transmission 
of hereditary delects in the DNA component 
of bacteriophage viruses in doubly infected 
bacteria (see below). 

Since there are only four bases—cytosine 
(C), guanine (G), thymine (T), and adenine 
(A)—-present in a DNA molccule, and since 
there are some 20 amino acids to be coded, it 
is not possible for each amino acid to be 


coded by a single base. In fact, two bases per 
amino acid are not enough, because this sys- 
tem would yield only 16 (4 x 4) combina- 
tions. The simplest possible code, therefore, 
must consist of three bases, which provides 
for a system in which 64 (4 x 4 x 4) “words” 
are available. 

Such a triplet code is shown in Table 27-). 
Almost beyond doubt this is the code utilized 
by organisms generally. In this system, some 
amino acids are coded by more than one 
triplet, as has been verified in a number of 
experiments. In other words, using the spe- 
cial language of the code maker, the genetic 
code is a degenerate one. 

Simplest Concept of a Gene. In order to 
code the synthesis of an average protein, 
which is a peptide chain consisting of some 
500 to 1000 amino acid units, the DNA mole- 
cule must carry 500 to 1000 triplets, arranged 
precisely in a specified sequence. ‘The simplest 
concept of a gene, accordingly, would be a 
segment of a DNA molecule in which, on the 
average, some 1500 to 3000 base pairs are rep- 
resented. This is not an undulv large num- 
ber, however. Most DNA molecules are 
exceedingly long. The DNA of the Ty, bac- 
teriophage, for example, encompasses more 
than 200,000 base pairs, which would repre- 
sent about 200 genes. 

DNA in a chromosome 1s always combined 
with protein material. This, presumably, sta- 
bilizes the morphology of the chromosome. 
In any event, when chromosomes are sub- 
jected to digestion with deoxyribonuclease, 
the Feulgen-positive fraction 
leaving a sort of “ghost.” 


disappears, 
But if chromo- 
somes are treated with proteolytic enzymes, 
they tend to break into fragments of Feulgen- 
positive material. 


BASIC NATURE OF MUTATION 


As a by-product of the decoding studies of 
Crick and of Benzer, some insight has been 
gained as to the nature of mutational change. 
A heavy treatment of bacteria with two kinds 
of phage DNA (p. 524) often results in a 
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Table 27-1—The Genetic Code after Transfer from DNA to RNA 


RNA Code Triplets 


UCG * 
AGA | UGG* 
Eve Venu 
Cella ee eee 
AGA | AGU * 
ee | ACE. | es 
PUR aces ee 
UUC | UUA | UUU* 
AAG * | AAU * 
ccu* | CCA* | CCG* 
ucC | UCG 

AG ncaa | a 


ES | | ye | ry 


ee 


Coded 

Amino Acids 

Alanine CCG 
Arginine CGC 
Aspartic acid | GUA 
Cysteine UUG * 
Glutamic acid | GAA 
Glutamine ACA 
Glycine UGG 
Histidine ACC 
Isoleucine UAU 
Leucine UUG 
Lysine AAA 
Methionine | UGA* 
Phenylalanine | UUU 
Proline | CCC 
Serine UCU 
Threonine CAC 
Tryptophan GGU 
Tyrosine | AUU 
Valine UGU 


After M. W. Nirenberg. 


* Not absolutely certain; data scanty. 


double infection. Thus each bacterial cell 
may receive two kinds of viruses. When repli- 
cation has been completed (p. 524), the lib- 
erated viruses may be (1) all of one kind; (2) 
some of one kin«d and some of the other; or 
(3) a recombination of the original two kinds 
—indicating that some kind of exchange has 
occurred between the strands of DNA ma- 
terial, The viruses are very favorable for such 
genetic studies, because millions of individual 
viruses are produced in each experiment and 


the production of each new generation re- 
quires less than half an hour (p. 524). 
Mutations, whether “spontaneous” or in- 
duced experimentally (p. 530), result ap- 
parently from one or more structural changes 
in the genic DNA. Such changes may involve 
(1) substitution in one or more of the base 
pairs; (2) subtraction of one or more base 
pairs; (3) addition of one or more base pairs; 
or (4) combinations of the foregoing. Such 
changes are heritable—provided they are not 
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lethal (p. 512)—because each segment of a 
DNA molecule is able to self-template its 
own replication. A mutation, accordingly, 
may involve a structural change at one or 
more points along the length of a gene, and 
it 1s perfectly possible that more than one 
mutational change may occur within the lim- 
its of a single gene. 

Crick’s addition-subtraction analysis of the 
B gene of the Ty virus indicates that the code 
within a single gene is written serially in 
triplets. Also it indicates that the code starts 
at one end of a genic segment. Thus, if a 
single addition or subtraction occurs near 
the start of a genic series, the whole code is 
disrupted; that is, the whole gene becomes 
inoperative. Consider, for example, one end 
of a gene that carries (via RNA) the follow- 
ing code: 


alanine --cysteine-- glycine-- alanine -- 
GCG UUG UGC... CCG. Us cte: 


If, however, a subtraction occurs at the first 
C, code would now reac: 


CG o2> WG “CGE as AGU ctc, 


Thus the code would be completely changed 
and the gene could not fulfill its proper func- 
tion. If, however, a subtraction near the 
beginning of a genic series is balanced by a 
nearby addition, most of the gene triplets 
would remain unchanged. Then the gene 
might continue to function, although there 
might be some slight change in its effects. 
Perhaps an altered triplet, if it still remains 
a triplet, might summon a single different 
amino acid into a protein chain. This, in- 
deed, appears to be the case in certain herita- 
ble changes, such as sickle cell anemia (p. 
505). 

An interesting phenomenon is observed in 
the replication of Ty phage virus, when two 
differently mutated viral strands are undcler- 
going replication in a single bacterial cell. 
An exchange of DNA material between the 
strands may take place; and the points at 
which such exchanges occur do not neces- 
sarily le between two genic segments. Some- 
times, indeed, a break may be localized 
within a genic segment. 

Simplest to analyze are cases where dele- 
tions have been induced within the same 


PARTS OF A GENIC SEGMENT OF DNA 


DEFICIENT; NONFUNCTIONAL 


PEP te 


PERFECT; FUNCTIONAL 


oiled edad ee cals 


NONOVERLAPPING y y RECOMBINATION 
DEFECTS 
a = 
Pee, Tare 
DEFICIENT; NONFUNCTIONAL DEFICIENT; NONFUNCTIONAL 
ae eee 
OVERLAPPING NO PERFECT 
DEFECTS ee REO MBINATION 
POSSIBLE 
ae ee 
Fig. 27-4. Recambination within a genic segment. Each minus sign (—) indicates a deficiency— 


presumably a missing base pair. Plus sign (+) indicates norma! base pairs. (Madified from 


Benzer.) 


genic segment in both of the replicating 
DNA strands (Fig. 27-4). In this case, neither 
gene can function by itself. But if the two 
strands are replicating simultaneously in the 
same bacterial cell, an exchange of parts 
within the liniits of the single gene may give 
rise to one perfect unit (Fig 27-4). This can 
only occur, however, if there is no overlap- 
ping of the deficient sections, as is shown dia- 
grammatically in Figure 27-4. 

An analogous phenomenon has been re- 
ported by Green and Green, studying the in- 
heritance of three mutational changes in 
Drosophila. These mutations appear to be 
localized very near each other in the chromo- 
some, probably at different points along the 
length of the same gene. All three mutations 
have a similar effect upon the shape of the 
eye. Each produces what is termed a “lozenge 
eye” when it is homozygous. Consequently, 
these mutations have been designated as /z!, 
iz andi2>. 

The curious thing about the inheritance 
of the /z mutations is that they reach expres- 
sion, even when heterozygous, if they are 
localized oppositely (trans-position) in the 
pair of chromosomes—as is shown in Figure 
27-5. When the loci are in the same chromo- 
some (cis-position) the mutant genes are in- 
active. One perfect (nonmutated) genic unit 
seems necessary for the production of a nor- 
mally formed eye, just as a complete unit 1s 
necessary for function in T, bacteriophage. 
Some recent workers prefer to call such an 
integrated series of mutational sites a cistron, 
rather than a gene, but this appears to be 
mainly a matter of semantics. 


ROLE OF THE GENES IN DEVELOPMENT: 
THE ONE GENE, ONE ENZYME CONCEPT 


Even before it was known that DNA can 
determine the synthesis of enzymes and other 
proteins, considerable evidence indicated 
that genic defects were correlated with en- 
zyme deficiencies. Several examples of such a 
relationship have already been cited; for ex- 
ample, the case of phenylketonuria, in which 


eet tf] 
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SEGMENTS IN A PAIR OF CHROMOSOMES 
NORMAL EYE LOZENGE EYE 


<< a eal 


CIS-POSITIONS TRANS-POSITIONS 


Fig. 27-5. The effects af a series af mutatianal 
changes may depend upan their relative positions in a 
pair af chramosomes. The develapment af a narmal 
eye depends upon the existence of ane narmal gene 
(or gene series) in at least one af the chramosames. 
LZ1, LZ2, and LZ3 are nanmutated sites, which in series 
yield an eye af normal shape; !z1, Iz?, and /z? are 
mutant sites, which yield an abnarmal (lazenge- 
shaped) eye if they interrupt a series af nanmutated 
sites. 


peailzs 


a defective gene determines the absence of 
one enzyme, and of alkaptonuria, in which 
another deleterious mutation is associated 
with another missing enzyme (Chap. 26). But 
final demonstration that such a relationship 
frequently (if not always) obtains awaited 
the ingenious experimental work of Beadle 
and Tatum. 

Beadle and Tatum studied the inheritance 
of mutational changes induced by x-ray irra- 
diation in the red baker’s mold, Neurospora 
crassa. This mold provides an exceedingly 
favorable material. It has a short (10-day) life 
cycle and the mycelium that grows from each 
spore is haploid. Thus any recessive mutation 
is not obscured by a dominant allele; that 1s, 
the effect can be observed in the first genera- 
tion. Moreover, the hereditary transmission 
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of the mutation, as a single recessive gene, 
can be followed readily 1n the next genera- 
tion, when a mutant strain 1s allowed to con- 
jugate with a nonmutant. The diploid sporo- 
cytes in the sporangium of such a sexually 
produced mycelium (Fig. 12-10) will possess 
the mutant gene balanced against a non- 
mutant allele. But these genes soon become 
segregated from one another during meiosis, 
which follows immediately. Therefore, by 
collecting the individual spores from each 
sporangium and by culturing the spores sep- 
aratelv, 1t 1s possible to determine that half 
the spores possess the mutant (usually defec- 
tive) gene and half carry the normal non- 
mutant allele. 
Normally Neurospora grows excellently on 
a medium that contains only inorganic salts, 
sugar, and one vitamin, namely biotin (p. 
353). After irradiation, however, various mu- 
tant strains are found that cannot grow un- 
less the mold is provided with one or more 
additional vitamins, such as niacin, thiamine, 
etc. The data show that each genic deficiency 
is inherited as a simple recessive and is re- 
luted to the loss of a particular enzyme. The 
synthesis of niacin, for example, passes 
through a series of intermediates: anthranilic 
Ek: E, 
acid —+ — indole: indole + serine — trypto- 
Fak; E; E- 
phan > —> 3-hydroxyanthranilic acid = > 
niacin. Each of these seven steps is catalyzed 
Dbyeandiiterent enaime (Eo. En. js). But 
the important point is that each time a single 
gene is damaged by the radiation, one and 
only one enzyme is lost 1n the series. Probably 
most of the individual genes of an organism 
carry the code for the production of a par- 
ticttilar “enzyme. Elowever,. some: genes: may 
determine the synthesis of other proteins. 
One more example of a one gene. one 
enzyme relation will suffice, although many 
others could be cited among higher as well 
as lower organisms. Certain flounders are 
known to lack black pigment im their me- 
lanophores, and this lack, which prevents 
the fish from changing its shade tn accord- 


ance with the background of the environ- 
ment, is determined by a recessive allele of 
the normal “pigment gene.” Accordingly, 
when heterozygous pigmented flounders are 
inbred, they produce pigmented and unpig- 
mented offspring in a ratio of 3:1. But the 
significance of this study is revealed by fur- 
ther data. When the melanophores of the 
nonpigmented individuals are tested, these 
cells are found to lack one specific oxidizing 
enzyme (dopa oxidase), which is present in 
all normal melanophores. Thus the black 
pigment, me/anin, which is an oxidation 
product derived from dopa, a colorless pre- 
cursory compound, cannot be formed in the 
melanophores of the nonpigmented fish. 
From this experiment it may be concluded 
that the normal “pigment gene” achieves its 
phenotypic effect in the melanophores of the 
flounder by determining the production of a 
specific metabolic enzyme; a similar situation 
has been found in reference to the formation 
of black hair pigment in guinea pigs and 
other mammals. 

Determining, as they do, the enzvmes of an 
organism, the genes are a tremendously po- 
tent force. They govern not only the metab- 
olism of the cells of the adult, but also the 
metabolism of the cells throughout all stages 
of embryonic development. This, indeed, 1s 
generally believed to be the principal mech- 
anism by which the complex and beautifully 
integrated processes of development are 
guided. However, the presence of a particular 
gene in a particular cell does not mean that 
the enzyme templated (indirectly) by that 
gene must necessarily also be present in the 
cell. Genes may remain dormant until acti- 
vated by the conditions of their intracellular 
environment. A central problem in expert- 
mental embrvology 1s, therefore, to find out 
how the intracellular environment provides 
for the intricate system of checks, balances, 
and controls for genic activity throughout 
development. 

Enzyme Induction Phenomena. A study of 
enzyme induction, particularly among bac- 
teria, has provided some clue as to one 


mechanism of genic control. A particular 
bacterial cell, for example, may be capable 
of metabolizing a wide variety of organic 
substrates including, let us say, sucrose and 
lactose. If such bacteria are cultured for some 
time in a medium containing sucrose but not 
lactose, the presence of sucrase but not lac- 
tase 1} can be demonstrated in the cells. When 
lactose 1s added to the medium, therefore, 
this sugar cannot be utilized at first. Gradu- 
ally, however, in the course of about half an 
hour, lactase begins to be produced by the 
cells and lactose begins to be metabolized 
more and more vigorously. Apparently the 
presence of a particular substrate in the cell 
has induced the production of the proper 
enzyme. Presumably the particular gene ca- 
pable of guiding the synthesis of the enzyme 
had been present in the cells throughout but 
this gene had remained dormant until stimu- 
lated by the particular substrate. 

Induction of specific enzymes by specific 
substrates, although studied most intensively 
among bacteria, appears to be a general phe- 
nomenon of widespread occurrence in many, 
if not all, cells. Probably, therefore, such in- 
duction plays an important role in mediat- 
Ing genic influences upon developmental 
processes. 


EXPERIMENTAL EMBRYOLOGY 


A principal goal in the field of experi- 
mental embryology is to reach a fuller under- 
standing of what is sometimes called the 
mechanics of development. In essence, the 
experimental embryologist is trying to find 
out how, when, and where the genes produce 
their developmental effects. 

One perennial] question continues to be: 
How does differentiation occur? Usually all 
the cells of a young embryo appear to be 
alike. Yet marked differences soon appear as 
the specialized tissues—nerve, muscle, carti- 
lage, bone, and so forth—come into being, 
and as the tissues become fitted together in 
the final structure of the adult organs. 


? Also called g-galactosidase. 
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Since all the cells of the embryo arise by 
repeated mitosis from the original fertilized 
egg cell, it seems probable that all must re- 
ceive identical sets of genes. The possibility 
exists, however, that somehow genic differ- 
ences may arise among the embryonic cells. 
Consequently, the experiments of Robert 
Briggs and Thomas King of the Institute for 
Cancer Research at the Lankenau Hospital 
in Philadelphia are of particular interest. 
These workers have succeeded in removing 
the zygote nucleus from frogs’ eggs, and in 
substituting other nuclei, taken from the 
individual cells of frog embryos at different 
stages of development. Generally speaking, 
this work indicates that up until the early 
gastrula stage, at least, a nucleus from any 
one of the many cells present in the young 
embryo can be substituted for the zygote 
nucleus without impairing the capacity of the 
egg to fulfill its developmental destiny. Nu- 
clei from later stages, however, are not suc- 
cessful substitutes. But whether this failure 
results from the reduced size of such nuclei, 
or from some change in genic constitution, 
remains an open question. At present there 
does not seem to be any convincing evidence 
to show that the various embryonic cells do 
acquire distinctive differences in their genic 
constitutions. It seems necessary, therefore, 
to look elsewhere in trying to solve the prob- 
lems of cellular differentiation. 

In general, it would seem, the genes re- 
ceived by a particular embryonic cell deter- 
mine the developmental potentiality of that 
cell, but the environment of the genes and of 
the cell as a whole determines the actuality 
of development. Sooner or later the genes in 
the different cells come under the influence 
of many small differentials of local environ- 
ment. Differences in relation to the position 
of the cells in the embryo and differences in 
the cytoplasmic composition begin to appear, 
and these small differences seem to play a 
crucial role in cellular differentiation. 

The cytoplasm represents a part of the en- 
vironment of any set of genes; and a given 
set of genes may produce totally different 
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effects, owing to smal) differences in the com- 
position of the surrounding cytoplasm. Even 
at the time of fertilization there are always 
significant differences in cytoplasmic com- 
position at the poles of the zygote. Moreover, 
the cytoplasm of the animal pole goes mainly 
to an upper group of cells, during normal 
cleavage (Fig. 15-2); and the cytoplasm of 
the vegetal pole goes to the lower cells. In- 
evitably, theretore, differences occur between 
the cells at a very carly stage of development. 
And as development continues, many other 
differentials develop in the genic environ- 
ments of the various regions of the embryo. 
The chemical environment is not uniform, 
since some cells come to he in a more advan- 
tageous position with reference to the supply 
of oxygen and other nutrients, and some 
cells have an casier problem in disposing of 
their metabolic wastes. Substrates present in 
one cell mav become different from those in 
another, and consequently different enzymes 
may be induced to form. Also, the distribu- 
gon of physical factors—such as pressure 
(inom: other “collsyeslicht,2heat, -and electric 
fields—do not impinge uniformly upon the 
different cells. All these chemical and physi- 
cal forces appear to cooperate in determining 
the <dilterentual action ol, the genes in “the 
different cells of the embryo. One main prob- 
lem in experimental embryology is, therefore, 
to determine which of these environmental 
factors play crucial roles in the differentia- 
tion of particular structures, and when this 
control] is exerted in the case of each difter- 
ent kind of cell. 

Pressure from neighboring parts of the 
embryo may greatly influence developmental 
processes, as 1s demonstrated by a classic ex- 
periment on the frog's egg. If the two blasto- 
meres are separated in the two-cell stage olf 
development, each of the separated cells de- 
velops into a small but perfectly whole em- 
bryo. But if one of the two cells 1s merely 
killed and left in contact with 1ts companion, 
the remaining cell develops into only half an 
embryo. This shows that pressure, or at least 
some other factor associated with the con- 


tiguous cell, dead though it be, has had a 
very profound influence upon the develop- 
mental destiny of all the other cells of the 
embryo. 

Some Problems of Morphogenesis. -\ num- 
ber of investigators are currently attempting 
to analyze the various factors and forces that 
operate to determine the form and arrange- 
ment of the aggregated cells of the embryo 
during development. Here, however, 1t 1s 
possible to give only a very brief account of 
results obtained by T. Gustafson o! Stock- 
holm and L. Wolpert of London (working 
in collaboration) and by J. T. Bonner 
(Princeton University), B. Shaffer (Cam- 
bridge University), and A. A. Moscona (Uni- 
versity of Chicago). 

Wolpert and Gustafson in their time-lapse 
cinematographic studies of morphogenesis 
in sea urchin embryos have emphasized the 
importance of four simple factors: (1) changes 
in the areas of cohesion between contiguous 
cells; (2) changes in the areas of adhesion be- 
tween the cells and some supporting mem- 
brane; (3) pseudopodial activity; and (4) 
adhesion between the pseudopodia and sta- 
tionary cells that are contacted by them. 

An indication of how the first two factors 
(cohesion and adhesion areas) may operate 1s 
given in Figure 27-6. Furthermore, it is not 
difficult to visualize how the other two fac- 
tors may come into play. Shortly after a 
blastula is formed, a number of cells lose 
contact with the supporting membrane at 
the surface of the embryo. These cells then 
become crowded into the blastocoel, where 
they display vigorous pseudopodial activity. 
The pseudopodial out-thrustings appear to 
be random... However, there are certain areas, 
bordering the blastocoel, where the amoeboid 
cells, or rather their pseudopodia, tend to 
stick. By a contraction of the pseudopodia, 
thercfore, the migratory amoeboid cells may 
come into close association with certain cells 
on the surface of the blastula. In other words, 
localized changes in the cohesive and adhe- 
sive properties of cells, together with cellu- 
lar motility, are important factors in deter- 
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AREA OF COHESION BETWEEN CELLS EQUALS 
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COHESION DECREASED, 
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Fig. 27-6. 
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How changes in cahesian between cells and adhesion to a supporting membrane moy affect 
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ADHESION DECREASED 


the farm of aggregated cells, in on embryo or in o tissue. It is assumed that no change has occurred in 
the volume of the cells. (After Gustafson and Walpert.) 


mining morphogenesis. But precisely how 
these forces and factors are controlled by the 
genes remains an open question. 

Special affinities of association between 
cells, which seem to depend upon mutal co- 
hesiveness, have also been demonstrated by 
the work of Moscona and associates. The 
technique of these experiments is to grow 
mixed cultures of different cells in a common 
fluid medium that is being stirred constantly. 
The cells of a sponge, for example, tend to 
recongregate, forming a complete organism, 
after they have been subjected to experi- 
mental treatments that cause them to be dis- 
persed individually. The observations indi- 
cate, however, that the reassociation is not 
random. If the dispersed cells of a yellow 
and red sponge are stirred in a common me- 
dium, the yellows always aggregate with yel- 
lows and the reds with reds. Or if liver, 
retina, and kidney cells from a chick embryo 
are circulating together in a common culture 
medium, each kind tends to form aggregates 
with its own kind. Moreover, in certain tis- 
sues at least, definite points of attachment 
may be formed between contiguous cells, as 


has been shown by the electronmicrograph 
studies of Keith Porter of Harvard Uni- 
versity. 

In some cases, specific substances may me- 
diate an aggregation, causing mutual attrac- 
tion between cells. One such substance, 
acrasin, has recently been isolated by Shafter. 
This substance controls the aggregation of 
cells in the shme mold, Dictiostelium (Fig. 
2-23), which has been studied so intensively 
by Bonner and others. Genic control of such 
associative phenomena does not seem difhcult 
to understand, because genes are able to gov- 
ern the production of specific enzymes, which, 
in turn, determine the synthesis of specific 
end products. 

Determination. Sooner or later, each cell in 
the embryo finally “takes its destiny into its 
own hands” and becomes determined as to 
its eventual differentiation. But the time at 
which determination occurs differs widely 
in different embryos, and in the different 
cells of the same embryo. In a few embryos, 
the cells are determined very early, even at 
the two-cell stage—in which case each of the 
separated blastomeres can give rise to only 
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half an embryo. But in most cases a deter- 
mination of the cells comes much later in 
the embryonic period. 

In the frog embryo during gastrulation 
(p. 277), small groups of cells may be trans- 
planted from almost any part of the embryo 
and induced to grow in various new positions 
in the same embryo. Such transplanted cells 
usually change their destiny and develop into 
structures that are normal for the region to 
which they have been moved. But if similar 
transplantations are made at a later stage, 
the results are altogether different. Now the 
transplanted cells give rise to structures char- 
acteristic of the region from which they have 
been moved. The cells of a limb bud, for 
example, moved from the shoulder region to 
the side of the abdomen, now cling to their 
original destiny, giving rise to a forelimb 
that 1s quite normal except for the peculi- 
arity of its position. At some time between 
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gastrulation and the appearance of the limb 
bud, these cells have lost their totipotency; 
that is, they have become unipotent, or deter- 
mined, as to their eventual fate, or destina- 
tion. 

Embryonic Organizers. One group of cells in 
the frog embryo becomes determined much 
earlier than the others. During gastrulation 
the cells constituting the dorsal hp of the 
blastopore (Fig. 27-7), if transplanted to an- 
other part of another embryo, go on develop- 
ing in the same manner as they would have 
done had they not been moved. Moreover, 
the transplanted dorsal hp not only deter- 
mines its own development, but it also organ- 
izes the development of the neighboring 
cells. Soon an extra neural tube begins to 
form in the host embryo, in front of the site 
of the transplanted dorsal lip (Fig. 27-8); 
and an extra vertebral column, together with 
associated structures, 1s zmduced to form in 
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GASTRULATION 


Fig. 27-7. 


Early development of a frog embryo. The primary axis of the un- 


fertilized egg is vertical; i.e., the onimol pole is on top. After fertilizotion, the 
gray crescent (left) appears. The secondary axis is now horizonto! and the 
median plone corresponds with the surfoce of the poge. During gastrulation the 
whole embryo rototes as indicoted by the arrow, so thot the primary axis 
originally vertical, becomes the longitudinal oxis, with the animal pole at the 
anterior end; the secondary axis, originally horizontal, becomes the dorsoventral 
axis, with the original gray crescent region on the dorsal side. 
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Fig. 27-8. 
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Left, an embryo at the beginning of gastrulation. An organizer from another embryo of the same 


stage has been transplanted, in the position shown. Right, the some embryo at a later stage. 


an entirely foreign region of the embryo. 
Thus the dorsal lip of the blastopore serves as 
the primary organizer in the vertebrate em- 
bryo. In fact the organizing capacity of the 
lip region can be traced back before gastrula- 
tion. If the corresponding part of a fertilized 
egg is removed, such an egg never develops 
into anything but a ball of cells; whereas if 
other small parts of the egg are taken away, 
the egg still gives rise to a normal or approxi- 
mately normal embryo. 

After gastrulation, other parts of the em- 
bryo, especially those lying near the primary 
organizer, gradually become determined. 
Soon a bit of ectoderm, transplanted from 
the dorsal surface quite some distance an- 
terior to the blastopore, will develop into 
nerve cord regardless of its new location. 
Moreover, this ectoderm acts as a secondary 
organizer in that it determines not only its 
own development, but also that of nearby 
parts. And in like manner, other parts of the 
embryo, once they have been determined and 
launched upon some special line of inde- 
pendent development, may act as organizers 
of such parts as may still remain in a non- 
determined state. 

Precisely how an organizer “organizes” is 
quite unknown. Perhaps it produces special 
substrates that, transmitted to neighboring 


cells, change the enzyme induction pattern 
of these cells. The dorsal lip tissue will in- 
duce the formation of a neural tube even if 
the lip tissue 1s killed before it is introduced 
into the host embryo. In fact, supernumerary 
neural tubes have been induced by a variety 
of chemical and physical agencies, some quite 
foreign to the normal embryonic environ- 
ment. At present, al] that can be said 1s that 
the organizer introduces some kind of differ- 
ential into the environment of the genes of 
neighboring cells, and this differential in- 
duces a change in the subsequent behavior 
of these genes. Certainly the different parts 
of an embryo have ample opportunity lor 
affecting one another: mechanically, as a 
result of mutual pressure; chemically, as a 
result of differences in the rates and qualities 
of metabolism; electrically, by way of bio- 
electric phenomena; und so lorth. Moreover. 
other factors that are still obscure may play 
upon the genes in the different parts of the 
embryo, determining the course of their per- 
formance within the sphere of their po- 
tentiality. 

Probably every gene is present in all the 
diploid cells of the organism, and therefore 
every gene may have some effect upon the 
metabolism of every cell. More or less con- 
stantly the genes must continue to use up 
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substances needed in their self-templated 
synthesis, and very probably the genes pro- 
duce other substances as by-produets of self- 
synthesis. Every such removal and addition 
must have a definite influence upon the 
complexly interrelated reactions of metab- 
olism, and consequently every gene must 
have some metabolic importance in every 
cell of the body at every stage of develop- 
ment. No doubt the importance of a given 
gene is much greater in some parts of the 
body as compared to others. If a gene 1s to 
change the pigmentation of the eye, for ex- 
ample, this effect can appear only in sueh 
cells as may contain the precursory sub- 
stances from which the eve pigment is to be 
formed. It seems probable that these pre- 
cursory substrates serve not only as raw 
materials for pigment synthesis, but also as 
activators of the genes that produce the 
proper enzymes. Thus, each gene may pro- 
duce several or many effects in the dilferent 
cells of the organism, depending upon chem- 
1¢al and physical conditions in the different 
cells; and the destiny of a cell depends not 
only on its genes, bit also on the factors of 
its environment, and, in addition, on the in- 
trinsic composition and structure of its own 
cytoplasm. 


GENIC DETERMINATION OF HORMONES 


Recent studies have made steady progress 
in determining precisely how specific genes 
may exert their developmental influence 
upon the phenotypic characteristics of va- 
rious organisms, but only one such study 
will be mentioned. It has been shown, for 
example, that dwarfism in mice, which is in- 
herited ‘asa, single recessive factor, 15. miedi- 
ated through the pituitary gland. The pitu- 
itary of a mouse that 1s homozygous for the 
“dwatk cene” Gdisplay sa denciency ay. the 
enzyme system of the particular cells that 
are responsible for the production of the 
growth liormone ~(p- 419). “Fhus ab such 
a. genetically: sdwarted: andividual. reecives 
growth hormone injections, it achieves full 
stature and cannot be distinguished from a 
genetically large mouse. 

In conclusion it may be said that our newly 
acquired knowledge about the structure and 
mode of replication of DNA and about how 
the genic materials influence synthetic me- 
tubolism in every cell has given great im- 
petus to the study of biochemical genetics 
and biochemical embrvology, and one can 
now expect a rapid “breakthrough” on these 
scientifie fronts. 


MEST "QUESTS 


1. Summarize the main evidence that indicates 
that DNA represents the essential genic ma- 
rerial. 


ro 


Differentiate between double- and single- 
stramece. LINAS “Elon O18 
lated to self-templated replication and to the 
synthesis of RNA? 

3. Distinguish between transfer RNA and mes- 
senger RNA. What other terms are used in 


this difference re- 


this connection? 

4. What is the base-pair ruler How is this rule 
related to the triplet code? 

5. Explain why a doublet code would not be 
adequate in determining protein synthesis. 

6. Mention 
made important contribugions in biochem1- 


the names of five men who have 


cal genetics and explain tlre “work of euch. 
7. What is meant by the term “bacterial trans- 


How do the transformation 


experiments identify DNA with the genic 


formation’? 


niaiterials? 

8. Cite experimental evidence that indicates 
that DNA is important in determining pro- 
tein-ecnzyme synthesis. 


'O 


How docs the bacteriophage virus achieve 
self-duphcation? What scems to be the role 
of DNA in this process? 

10. How and why do the experiments on the red 
baker's mold (Neurospora) indicate that there 
is a Close relationship between genes, en- 
zymes, and vitamins? 

1}. Although all the cells of an embrvo are equal 
as to their genes, all the cells do not remain 
alike as development proceeds. In general 

this differentiation of the 


ternis. how can 


embryonic cells be accounted tor? 


12. Briefly discuss and exemplify each of the fol- 


lowing topics: 


a. an experimental technique that demon- 
strates whether a given part of the em- 


bryo is determined or not determined 

b. an experiment that shows that the pres- 
ence of one cell (dead or alive) can in- 
fluence the development of all the other 
cells in the embryo 


FURTHER 


. Experimental Embryology, by T. H. Morgan; 
New y orl 1927, 

. An Introduction to Experimental Embryology, 
by GAR. DeBeer; New-York, 1934; 

Principles of Development, by Paul Weiss; 
New York, 1939. 

Section on “Bacterial Transformation,” by 
O. T. Avery, C. M. MacLeod, and M. McCarty, 
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c. the role of the dorsal lip of the blasto- 
pore as an embryonic organizer 
d. the time at which determination occurs 
in the different parts of a frog embryo 
e. the nature of the organizing influence 
of the dorsal lip 
13. Discuss briefly the possible ways in which the 
genes may affect the metabolism and hence 
the development of a given cell. 


READINGS 


in Great Experiments in Biology, ed. by M. 
Gabriel and S. Fogel; Englewood Cliffs, N. J., 
1955: 

5. Articles in Scientific American by G. W. 
Beadle (September 1948); R. D. Hotchkiss 
and E. Weiss (November 1956); F. H. C. Crick 
(October 1954 and October 1962); and M. W. 
Nirenberg (March 1963). 


3=Natural Selection; 
Origin of Species 


IV IS certain that the plants and animals of 
today have descended [rom species that oe- 
cupied the earth in previous times. Moreover, 
there are only two alternatives as to the na- 
ture of this descent. Either there has been a 
fixity of the species, such that the exisang 
species have descended without change from 
the pre-existing species; or evolution has oc- 
curred, ay the sense that the species have 
undergone change during the course of their 
descent from pre-existing forms. 

The idea of evolution extends back into 
ancient times, but Darwin, mn 1859, first sue- 
ceeded in marshaling a convincing array of 
busie evidence. However, it was not until 
the present century that modern genetics 
provided many missing clues as to how the 
known processes of heredity and reproduc- 
tion inevitably lead to evolution. 

Under natural conditions every species of 
plant and animal is constantly subjected to 
a process of selection. The parents selected 
to perpetuate each species in every genera- 
tion are not chosen artificially according to 
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the specifications of mankind, but naturally, 
according to their ability to live and repro- 
duce under the conditions of their particular 
environment. This process of natural selec- 
tion, as will be apparent shortly, results in- 
evitably from the normal tendency of every 
organism to multiply at a rate that exceeds 
the capacity of the environment to support 
all the offspring ol any given species. 


MULTIPLICATION OF ORGANISMS; A 
GEOMETRICAL PROGRESSION 


Every kind of organism tends to multiply 
at a characteristic rate. Perhaps the highest 
rate occurs among certain bacteria, which, 
under favorable conditions, will divide once 
every half hour. At this rate the population 
would be quadrupled every hour, and in 24 
hours the descendants of a single bactertum 
would number 248 (more than 280 millon 
million), ¢f they all survived. A muilthon 
seeds, or spores, per year are not unconimon 
for an individual plant, and many inverte- 


brates, and even lower vertebrates like fish, 
produce more than a million fertilized eggs 
annually. Higher vertebrates, especially birds 
and mammals, do not produce so many eggs, 
but these animals provide more care for the 
developing young, so that a larger propor- 
tion of the offspring can survive. Probably 
the slowest multiplication rate is that of the 
elephant. This animal begins to breed at the 
age of 20 and continues until 60, producing 
an average of six calves during the reproduc- 
tive period. Even at this exceedingly slow 
rate, if every elephant survived, the descend- 
ants of a single pair would number more 
than 18,000,000 in 750 years; and in three 
or four additional centuries, the earth could 
provide “standing room only, for elephants 
only.” 

These facts are summarized by realizing 
that every kind of organism, whether its 
multiplication rate is slow or fast, tends to 
increase in geometrical progression: 7, n?, n3, 

. . etc. where n is the average number of 
offspring per individual parent per genera- 
tion, and the exponential numbers designate 
the sequence of the generations. Graphically 
this relation is shown by curve 4 in Figure 
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28-1, which 1s often called the curve of com- 
pound interest, or the growth curve. In this 
natural type of multiplication, the rate of 
increase grows greater and greater as the 
population increases. Accordingly, if all the 
offspring survived and reproduced, every 
species, even those with the slowest natural 
rates of reproduction, eventually would in- 
crease until it covered the earth, and this 
eventuality would be fulfilled within a rela- 
tively short time in relation to terrestrial 
history. 

Limits of Population Increases. Obviously, 
plant and animal populations do not actually 
increase in this manner, for they are limited 
by the food supply and by a number of other 
environmental conditions. This limitation 1s 
illustrated by the lower curve in Figure 28-1, 
which shows the actual multiplication of 
yeast cells in a definitely limited amount of 
nutrient. Initially the actual growth curve 
follows the theoretical growth curve very 
closely, but soon the rate of increase falls off, 
and finally the number of cells reaches a 
constant value beyond which there is no 
further increase. Under comparable condi- 
tions, a population of any species behaves 


ACTUAL RATE OF MULTIPLICATION 
IN A DEFINITELY LIMITED AMOUNT 
OF NUTRIENT SOLUTION 


DAYS 123 4 5 67 8 9 10 11 12 13 14 15 16 17 18 19 20 


Fig. 28-1. 
ber of cells (in millions). 


Multiplication of yeost cells: abscissos, time in days; ordinates, num- 
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similarly, as is shown tor Drosophila in Fig- 
ure 28-2 and for man in Figure 28-3. In each 
case the population reaches a constant maxi- 
mum, under a given set of conditions; and 
this maximum is attained in a relatively short 
time, that is, within a relatively small num- 
ber of generations. The level of this maxt- 
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Multiplication rates in Drosophila. 


mum is determined largely by environmental 
conditions, as may be seen in’ Figure 26-2. 
After the maximum is reached, a population 
may fluctuate from year to year or—within 
shorter periods, in rapidly reproducing or- 
ganisms—in accordance with the food supply 
and other environmental conditions. But by 


200 ; 


AD 1600 1700 1800 1900 2000 2100 


Fig. 28-3. Human population of the earth: abscissas, years; ordinates, popula- 
tion in millions. The solid portion of the curve is based on actual data; the 
dotted portions are purely theoretical, calculated from the equation af the 
curve. The increase in populotion during this period, from its previous stationary 
level, is the result of the great change in environmental conditions caused by 
the Industrial Revolution. The upper, dotted portion of the curve predicts the 
future population on the assumption that there will be no further great environ- 
mental changes—a very doubtful assumption. (Adapted from Pearl.) 


and large, over any long period, the average 
level of the population remains fairly con- 
stant, provided environmental conditions do 
not undergo a permanent change. 

Limitations of the Environment. In general, 
the principal factor that limits a given pop- 
ulation is the food supply—using this term 
in the very broadest sense. Among animals 
and colorless plants, the fund of organic 
foods available in the particular habitat is 
especially important, although water, oxy- 
gen, or other inorganic nutrients may be 
limiting factors in some environments. But 
among plants, the primary nutritive factor is 
apt to be the quantity of accessible light, 
although the available quantity of inorganic 
foods, such as water or salts, is sometimes 
very important. 

A number of other environmental factors 
act directly in determining the population 
levels of different animals and plants, in 
addition to having indirect effects upon the 
food supply. Climatic conditions (heat, cold, 
wind, ice, snow, fog, etc.) impose definite 
limits on the extent of territory that can be 
occupied by a given species; predaceous and 
parasitic enemies (Chap. 30) may prey upon 
the populations, and a variety of minor fac- 
tors May assume importance in particular 
cases. But for any particular species, under 
unchanging environmental conditions, a bal- 
ance 1s reached between its natural tendency 
to increase and the limiting factors of its 
particular environment. 


NATURAL SELECTION 


The fact that each species in every genera- 
tion produces so many offspring that only a 
fraction can possibly achieve the age of 
sexual maturity gives rise to two important 
questions: What selecting agency scrutinizes 
the many offspring and chooses the few that 
are to survive and perpetuate the species; 
and what characteristics qualify the indi- 
viduals that are selected? 

Generally speaking, organisms that are 
fittest to survive and reproduce under the 
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conditions of their particular environment 
are automatically selected to perpetuate cach 
species. Ihe selecting agency is the natural 
environment of each species, and the main 
qualification for selection is a fitness to sur- 
vive and reproduce in competition with other 
organisms that seek to utilize the same en- 
vironment. Inevitably each organism en- 
counters a ceaseless struggle for existence— 
using this term in the broadest sense—since 
potentially unlimited numbers of each kind 
of organism are competing for sustenance in 
a definitely limuted environment. 

The struggle for existence does not imply 
direct and active combat, except in the case 
of some predaceous animals. Survival de- 
pends more on the organisms’ capacity to 
withstand adverse physical conditions (tem- 
perature, light, etc.) and unfavorable condi- 
tions (drought; -sonl rertility, -etc:) ine the 
chemical environment. But above all, the 
struggle is a competition for the necessities 
of life, of which the supply is strictly limited. 
This aspect of the struggle for existence, 
indirect and obscure though it frequently 
may be, reaches a climax of intensity among 
organisms of the same or closely related 
species, because such organisms are compet- 
ing for the same, or very similar necessities. 

Take, for example, a group of annual 
plants sprouting on a limited plot of ground. 
At first the ground may be thickly covered 
with a large number of small seedlings; but 
as the season progresses, the number of sur- 
vivors falls off, while their size increases. 
Finally there are just a few individuals left 
and these completely occupy the area in 
which hundreds of seeds originally germ1- 
nated. Among such plants the struggle 1s 
primarily for a “place in the sun,” and the 
struggle is especially keen because hght is 
absolutely essential to every competitor. ‘I’he 
seedlings that spread their leaves a little 
faster and farther overshadow the others, 
cutting off their light and assuring their 
starvation. But the survivors go on and pro- 
duce the next year’s crop of seeds, whereupon 
the process is repeated. Thus a selection has 
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been made in the direction of the faster 
growing seedlings, and the selecting agency 
has been the environment. Similarly among 
animals, the primary selecting factor is very 
Irequently a competition for the limited sup- 
ply of organic food; and since individuals of 
the same species have the same food require- 
ments, the struggle is keenest within such a 
population, 

Oi course there are wholesale and indis- 
criminate forces of destruction (storms, floods, 
glaciers, etc.), which may reduce a popula- 
tion without any regard for the capacity of 
the individual to survive and reproduce. 
Also an individual's survival may hinge upon 
sheer accident. Some seeds fall on good 
ground and some on stony ground—through 
no virtue of the former or fault of the latter. 
But over ancl above such nonselective elimi- 
nations, speaking in terms of the average, the 
individuals of a species that are most healthy, 
vigorous, capable of securing food and escap- 
ing or protecting themselves from enemies, 
resistant to disease and unfavorable weather, 
and so forth, and so forth—in short, those 
that are fittest to survive and reproduce 
uncer the given conditions—are most likely 
to be the perpetuators of the species. “Thus 
varlations—or more particularly variations 
of the heritable type—play a very definite 
role in survival by providing the material 
upon which the environment exerts its se- 
lective action. 

Natural selection differs from artificial 
selection not only as regards the criteria by 
which the surviving individuals are chosen, 
but also as to the time element. Progress 
ceuses in an artificially selected line when 
all genes Tavorable to the chosen character- 
istics have been collected in a group of pure- 
bred individuals. ‘This is because man cloes 
not have time to wait for “lucky” mutations 
in a desired direction. But natural selection 
has no such limitation. Natural selection has 
Yall, the tne there as)” “Generation: aiter 
generation, century after century, millen- 
hium after millennium, the struggle for 
existence goes on, selecting the fittest and 


eliminating the less fit. A great majority of 
mutations, probably, are soon eliminated be- 
cause they are unfavorable, and many muta- 
tions may be indifferent as to their survival 
value. But some favorable mutations—espe- 
cially of the slight type—are bound to appear 
periodically. Even favorable mutations may 
accidentally be eliminated; but on the aver- 
age, if a mutation gives any advantage to its 
possessors, the mutant individuals will have 





a greater chance than the nonmutant indi- 
viduals of surviving and transmitting the 
new trait to their descendants, and in the 
next generation, the mutants, in turn, will 
be similarly favored in the struggle for 
existence. In the long run, therefore, every 
mutation that is favorable to survival or 
reproduction stands a good chance of being 
permanently incorporated in the genetic con- 
stitution of the species. 

Artificial and natura] selection § differ, 
broadly, in that artificial selection operates 
chiefly by the more rapid but limited meth- 
od of selecting favorable recombinations of 
existing genes; while natural selection oper- 
ates by the slower but potentially unlimited 
method of selecting favorable new muta- 
tions. To some extent both methods operate 
in both cases, since both the artificial and 
the natural processes actually select the sur- 
viving parents on the basis of their pheno- 
typic characteristics, regardless of how these 
arose. The great difference lies in the time 
factor; artificial selection has operated for 
only a few centuries, at most, but natural 
selection has gone on for millions of years. 
Natural selection proceeds in a bungling, 
haphazard, hit-or-miss fashion, and therefore 
It is very slow. But given an infinity of time, 
even such a slow and halting process can 
produce tremendous results—as is witnessed 
by the great cliversity of living forms inhab- 
1uing our earth today. 

Even on a short-term basis mutational 
changes may be of great selective value to a 
species, as is shown by the recent work of 
Milislav Demerec at the Carnegie Institution 
in Cold Spring Harbor, N.Y. Demerec found 





that among colon bacilli (Escherichia colt) 
a mutation that makes the bacterium resist- 
ant to the sterilizing effects of streptomycin 
occurs, on the average, in 1 out of every 
1,000,000 individuals. In an ordinary en- 
vironment such resistant mutants have no 
survival advantage and consequently they re- 
main in circulation only as an insignificant 
minority (Fig. 28-4). When, however, strepto- 
mycin is introduced into the environment, 
the resistant mutant becomes dominant—to 
the virtual exclusion of the original nonre- 
sistant form (Fig. 28-4). In fact, the appear- 
ance of mutant forms of various bacteria that 


NORMAL CULTURE 
() NO STREPTOMYCIN () 


NO STREPTOMYCIN 


STREPTOMYCIN 


Fig. 28-4. Selectian af a mutant form by a change of 
enviranment. Mutant farms, resistant ta streptamycin, 
are very rare (1/1,000,000) in an ardinary culture 
(upper diagram) of calan bacilli. In a new enviran- 
ment with streptomycin added (shaded area af lawer 
diagram), the mutant form soan predaminates. (After 
Th. Dobzhansky.) 
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are resistant to one or another of the anti- 
biotic compounds has become a real problem 
in modern medical practice. 


ADAPTATION 


Under natural selection each species must 
attain a fitness to survive and reproduce, or 
otherwise it faces extinction. Consequently 
it is not surprising to find many qualities ol 
“fitness,” or adaptations, in all kinds of liv- 
ing things. 

The most obvious adaptations have to do 
with the external features of the organism, 
taken in relation to its particular environ. 
ment. Among animals, for example, the 
coloration tends to be inconspicuous in rela- 
tion to the background of a particular habi- 
tat; or the mouth parts are shaped fol 
handling a certain kind of food; or the 
appendages are fitted for locomotion on land, 
in the sea, or in the air—and so forth. 
Among plants, the roots, stems, leaves, and 
other organs are variously modified accord- 
ing to conditions in different localities. Many 
of these obvious external adaptations are 
important in relation to survival, but in- 
ternal adaptations, which are not so obvious. 
are probably even more important. 

Each organism consists of an intricate sys- 
tem of interacting components, ranging from 
ultramicroscopic units such as enzymes and 
substrates, up to the macroscopic organs ol 
the body. Internal adaptation embraces the 
sum total of these parts and their interac. 
tions, and internal adaptation assumes a 
paramount, though frequently hidden, im- 
portance in survival. If a mutation unbal. 
ances any of the delicate internal functions, 
the organism cannot survive at all, regard. 
less of the particular environment. There. 
fore, the only mutations that can possibly 
lead to a greater degree of external adapta- 
tion are those that also have a neutral o1 
advantageous effect upon internal adapta- 
tion. Likewise, some mutations may be per- 
petuated if they have a favorable effect upon 
the internal adaptation of the species, even 
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though the more obvious external pheno- 
typic effects of such mutations are partially 
chsadvantageous to survival. Such internal 
effects seldom involve any visible changes of 
structure, but presumably they imvolve 
changes, however slight, in the chemical 
composition or ultramicroscopic structure 
olithestssues. Uhey are usually acferred to 
rather vaguely as changes in the “viability” 
or “fertility’” of the stock. But despite the 
fact that thev are invisible and very difficult 
to Study, these antermal variations. are most 
important. Natural selection must—and de- 
monstrably does—deal with many such in- 
tangible characteristics. 

External adaptations include all the visible 
characteristics: of the individual that fit it 
to survive and reproduce in its own particu: 
lay environment. The shaping of all external 
StEmeturcs with: reference to tood. getting, 
respiration, self-defense, protection, repro- 
duction, and so forth, all fall into the cate- 
gory of external adaptations. But even more 
important, perhaps, is the external behavior 
of the organism: its responses to particular 
environmental situations. Natural selection 
has preserved individuals and races whose 
responses are useful—to themselves, of course 
and has eliminated those whose behavior 
was less favorable to survival. Accordingly, 








itis found that most unconditioned responses 
etc.—are strikingly 
adapted to the conditions of the natural 
habitat of the particular organism. 





—tropisms, instincts, 


The environment of any organism is an 
extremely complex set of conditions. It in- 
cludes not only the many physical and chem- 
ical conditions of inanimate nature, but also 
the multitude of living things with which 
each organism comes into various kinds of 
relations—predatory, parasitic, symbiotic, 
competitive, cooperative, and so forth. In 
fact, the study of organisms in relation to 
the factors of their environment, which is 
called ecology, represents an important 
branch of biology (see Chap. 30). So complex 
are these ecological interrelations and so deli- 
cate is the balance between the processes of 


multiplication and destruction in any given 
species, that the very slightest factor may tip 
the scales, determining whether the indi- 
vidual, the race, or the species shall perish or 
survive. Without most careful study, there- 
fore, it is very risky to judge that a particular 
characteristic has no survival value for the 
organism. On the other hand, it is not neces- 
sary to assume that every visible characteris- 
tic—such as the humps of the camel, the 
bumps of the wart hog, or any other peculi- 
arity of form, color, or habit—must neces- 
sarily have some adaptative significance. In 
many cases such features are mercly 1nci- 
dental effects of genes that have less obvi- 
ous but more important effects upon the in- 
ternal functions of the organism. 


STABILITY OF THE SPECIES 


Since most mutations are not favorable, 
natural selection acts to preserve a high de- 
gree of wuiformity in each species by elimi- 
nating a majority of these heritable changes 
as fast as they appear. Wild species displav 
less variability than domesticated animals 
and plants. In the case of domesticated spe- 
cies, man has interrupted the natural struggle 
for existence and has artificially preserved a 
number of less viable variants, which, under 
natural conditions, could not have survived 
in competition with their wild-tvpe relatives. 
But cven wild specics are genetically hetero- 
geneous for many genes with relatively slight 
phenotypic effects, because natural sclection 
tolerates a number of slight mutations, even 
though it almost always eliminates the larger 
ones. 

Provided the environment does not change, 
any specics that has occupied a particular 
habitat for a great many generations becomes 
about as well adapted to conditions as its 
inherent genetic nature will permit. In other 
words, alter a long time, the possibility of 
new favorable mutations becomes rather 
small. Under these conditions, therefore, 
most species are fairly stable with reference 
to the average of their characteristics, al- 


though seasonal variations, due to temporary 
selections of more favorable combinations of 
existing genes, still allow for a certain degree 
of fluctuation. 

However, the stability of species cannot 
withstand any long-enduring change in the 
environment. Considered over a period of a 
few years, or even a few centuries, most 
natural environments—that is to say, envi- 
ronments that are not greatly modified by 
man’s activities—remain fairly constant as 
to the average of the cyclic changes of the 
day and season. But considered over longer 
periods, practically every environment re- 
peatedly has undergone great changes. 

Geological Changes in the Environment. 
The most obvious long-range environmental 
changes are geological in nature. Even within 
the period of human history—which is just 
a moment in relation to the whole history of 
the earth—certain regions of Asia that once 
supported a flourishing civilization have be- 
come deserts virtually devoid of life. Going 
back some few thousand years further—still 
within the existence of the human species— 
vast regions of the earth, in North America, 
Europe, and Asia, have several times been 
subjected to arctic conditions due to glacia- 
tion, while alternately these regions have 
experienced tropical or subtropical climates. 
And if we look still further back into geo- 
logical time—millions of years—we see con- 
tinents rising and sinking, changing their 
contours and connections, and mountain 
ranges elevated and worn down. In fact, 
practically every region on the surface of the 
earth, during the period in which life has 
existed, has experienced virtually every kind 
of environment: salt water, fresh water, high- 
land, lowland, desert, swamps, under every 
type of climate, ranging from arctic to tropi- 
cal temperature (Fig. 28-5). 

These great physical fluctuations, while 
most impressive, are not the only important 
kind of change. The environment of a species 
also consists of its relations to other organ- 
isms; and whenever a species invades new 
territory, increases or decreases in numbers, 


Natural Selection; Origin of Species - 545 


or changes its ede ot life im any respect, 
quite a number of other organisms are likely 
to be affected directly or indirectly. Conse- 
quently each significant modification of the 
inanimate environment is always attended by 
many changes in the animate environment 
of all species in the affected region. 

Origin and Extinction of Species. Every 
long-range change in the climate and other 
environmental conditions has, owing to these 
many factors, many effects upon the species 
of the region: some species decline or even 
become extinct; other species increase their 
numbers and extend their range. Slight vari- 
ations that were barely tolerated by the pre- 
vious environment may assume real survival 
value under the changed conditions, and 
thus these particular variants will displace 
the species types that dominated under the 
old conditions. 

When an environmental change is favor- 
able to a given species, its population will 
increase, and during this period of less rigor- 
ous competition a larger proportion and a 
wider variety of offspring will be tolerated 
for a number of generations. By chance some 
of the new variants may be adapted to 
slightly different environments, which en- 
ables the species to extend its geographical or 
its ecological range. When, however, en- 
vironmental conditions become harder for 
the species, many of its less fit or weaker 
varieties may be wiped out, leaving just a 
few sharply distinct varieties—or incipient 
new species. In good times, generally speak- 
ing, a species tends to increase in number and 
variety, and greatly extends its range of terri- 
tory. Then when hard times come, the spe- 
cies may become extinct over large areas of 
its former territory, leaving a few exception- 
ally fit and perhaps very sharply different 
varieties, each quite isolated from the others, 
in different parts of the former range. This 
factor of isolation, whether due to geograph- 
ical separation or to other conditions, Is very 
important in the origin of species. Whenever 
two varieties are isolated and prevented from 
Intercrossing for many generations, the muta- 
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tions of one group cannot spread over into 
the other. Continually and gradually the 
stocks become very different, and finally a 
genetic incompatibility will result. Thus, 
when interbreeding becomes impossible, the 
isolation is complete, and the further evolu- 
tion of the stocks must be as separate species. 


Natural selection, acting upon a group of 
closely related organisms, over a long period 
of time, inevitably produces results such as 
are shown in Figure 28-6. The letters at the 
lelt represent a group of seven closely related 
species or—starting one step earlier—-seven 
isolated varieties of a single species; and the 


Fig. 28-6. 
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Origin and extinction af varieties and species by natural selection. 


The horizontal dimension represents time (i.e., the succession af generotions); 
the vertical dimension, variation. The very short branches represent the numer- 
ous mutations that are quickly eliminoted by natural selection; the longer 
bronches, those that persist for longer periods. Letters at left indicate original 
species; those at right, surviving species. (Adapted fram Darwin.) 


intervals between the successive vertical lines 
in the figure may be taken to indicate ap- 
proximately a thousand generations. Each 
species continues to produce new mutant 
varieties, and although most of these vari- 
eties are quickly eliminated by natural selec- 
tion, some persist for longer periods. Thus, in 


the course of 10,000 generations, the several 
original species may meet with totally differ- 
ent fates, as may be seen in the figure. One 
species has given rise to several new forms, 
while the original species has disappeared; in 
another case, the original species has per- 
sisted without changing, while all its off- 


548 - Heredity and Evolution 


shoots have perished; in a third species, both 
the parent form and some of its offshoots 
have survived; and lastly, the other species 
of the original group have become entirely 
extinct, leaving no descendants, after surviv- 
ing for a shorter or a longer period. At the 
end of 10,000 generations, the number of dis- 
tinct forms—species or varieties—may be no 
greater than originally, although a much 
greater number of forms has meanwhile ap- 
peared and disappeared. The surviving spe- 
cies, also, are relatecl more or less closely to 
each other, because of their method of origin. 

Thus the onginal group of species has 
given rise to a number of more sharply sepa- 
rated—or more distantly related—species, 
which tend to assemble themselves, according 
to relationship, into several larger groups. 
Perhaps these larger groups are already sufh- 
ciently chstinct to be considered as separate 
genera, or perhaps the separative action of 
a greater number of generations will be re- 
quired before this point is reached. In any 
event, natural selection, operating through 
ages of time, continues the fateful processes 
of diversification and extinction. It creates 
new species, not abruptly and de novo, but 
gradually, from pre-existing species. And as a 
result of the relentless processes of natu- 
ral selection, working in conjunction with an 
ever-changing environment, man finds him- 
self upon this earth todlay—together with a 
tremendous variety of other living species, all] 
variously adapted to current environmental 
conditions, and all variously interrelated as 
to their origins. Also man finds within the 
earth itself the telltale remnants of a vastly 
greater number of plant and animal species, 
which have become extinct In past ages 
(Ghap) 29): 


NATURAL SELECTION AND MODERN 
GENETICS 


The origin of species by natural selection 
was firs¢ explained by Darwin in 1859; but 
at that time very little was known about the 
laws and mechanisms ol hereditary and varia- 


tions. Darwin based his conclusions on the 
unquestionable facts: that all organisms do 
vary; that some variations are heritable; and 
that large variations are generally less viable 
than slighter ones. Since Darwin's time— 
chiefly in the last 40 years—the mechanisms 
of heredity have been thoroughly clarified 
and much has been learned about the origin 
and nature of variations. Prior to these de- 
velopments, the chief objections to the theory 
of natural selection were that the theory did 
not account for the appearance of many ap- 
parently useless features in different organ- 
isms; and that variations, especially shght 
ones, would be lost by “dilution” when the 
variant individuals continued to interbreed 
with the more numerous members of the 
species not possessing the particular varia- 
tions In question. 

Both of these objections are eliminated 
completely by an understanding of genetic 
principles. The visible differences between 
closely related species are not necessarily of 
critical importance in survival, since fre- 
quently these visible characteristics are mci- 
dental effects of the same genes that pro- 
duce invisible effects having great survival 
value. Furthermore, the adea ok = dihition. 
has proved to be altogether fallacious: when 
mutant individuals continue to cross with 
the original type, the processes of particnlate 
inheritance guarantee a distribution of the 
mutant gene throughout the whole popula- 
tion without any alteration of the new gene 
throughout successive generations. 

Imperfections in an organism, or the pos- 
session of features that seem to reduce its 
fitness in relation to its particular environ- 
ment, are not difficult to understand if the 
limitations of natural selection are carefully 
considered. Natural selection cannot produce 
favorable variations, it can only preserve 
them as, by chance, they do arise. The pos- 
sibihties of favorable variations are strictly 
limited by the existing genetic constitution 
of the particular organism: the possible ways 
in which its various genes can undergo 
change without disrupting the delicate bal- 


ance of existing functions within the organ- 
ism. Thus natural selection is restricted 
mainly to small changes and must, therefore, 
work very slowly. Moreover, since heredity 
is particulate in nature, each new gene must 
be selected or discarded as a whole. This 
means that disadvantageous phenotypic 
effects may be carried along with advanta- 
geous ones, if the former are less important 
in survival. The survival of a particular indi- 
vidual or race is determined, not by the per- 
fection of any one characteristic, but by the 
ageregate fitness of all its characteristics. The 
survivors in the struggle for existence need 
not be periectly adapted, but merely sufh- 
ciently adapted to “get by” until they pro- 
duce an adequate number of offspring. Each 
organism is “made over” and “‘patched up” 
to meet its new environment each time there 
is a swing in the mighty pendulum of geo- 
logic time. Consequently, each plant and 
animal may possess a number of useless or 
even definitely harmful characteristics, re- 
sulting from the sorting out of innumerable 
chance variations. Survival does not require 
perfect adaptation. It merely demands that 
the individual be as well adapted as its com- 
petitors—all of which have also been pro- 
duced by the same method. 


LAMARCKISM: AN EARLY THEORY OF 
EVOLUTION 


Prior to Darwin, evolution had many pro- 
ponents, and several] theories were advanced 
as to how evolution had wrought its slow 
but tremendous changes in the species. These 
theories rested mainly on the supposition 
that all variations in the characteristics of the 
organism are transmitted to the offspring— 
a weakness that is well exemplified by the 
theory of Lamarck. This work on evolution 
was published in 1809; and Lamarck’s con- 
tribution was important, despite the fact that 
the central theme—as to the mechanism of 
evolutionary change—is not tenable in the 
light of modern genetics. 

According to the Lamarckian view, each 
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organism 1s molded by its contacts with the 
environment, and these acquired character- 
istics are subsequently transmitted to the off- 
spring. In other words, Lamarck held that 
the environment produces heritable varia- 
tions that fit each organism to cope with the 
particular conditions of its habitat; and that 
the perpetuation of these acquired charac- 
ters produced changes in the species in ac- 
cordance with the geological changes of the 
environment. 

Lamarck’s ideas had great appeal in the 
early part of the nineteenth century, and the 
theory was not abandoned until it was 
proved beyond reasonable doubt that ac- 
quired characteristics are not inherited. The 
environment, to be sure, is very effective in 
determining the qualities of every individual, 
but these modifications are localized in the 
somatic tissues of the body, and the germ 
cells remain unchanged. 

To exemplify the noninheritance of ac- 
quired characters, we will consider a homo- 
zygous stock of garden peas. When grown in 
well-watered soil these plants develop a 
moderately extensive root system. But if the 
same plants are grown in unusually dry soil, 
the roots become distinctly deeper and 
broader up to a limit that is determined 
by the genetic potentiality of the stock. In 
fact, so long as the same relatively dry envi- 
ronment is maintained, the well-developed 
root system will continue to appear, genera- 
tion after generation; but no progressive im- 
provement is likely to occur within any 
reasonable span of time. Moreover, when the 
seedlings of this stock are finally restored to 
normal conditions, no permanent change in 
the root system can be observed. The dry 
environment has brought out the utmost of 
root development in the given stock, but the 
environment has not been effective in mold- 
ing the genetic constitution of the stock in 
the direction of greater fitness to cope with 
the dry condition. Aside from the remote pos- 
sibility that a favorable mutation might 
occur during the period of the study, the 
plant experimentalist has no hope of im- 
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proving any homozygous stock as a result of 
directive intluences from the environment. 
The environment, to put it more technically, 
is able to effect a hmited improvement in the 
developmental performance of the group of 
genes determining the root system of the 
stock, but the environment has not been able 
to produce any measurable change in the 
intrinsic nature of these genes. 

Similarly a great many experiments have 
been performed on other organisms, using a 
variety of adverse environmental conditions, 
such as chronic alcoholism. One inbred stock 
of white rats was daily subjected to extreme 
alcoholism from the time of weaning until 
death, for more than ten generations. Dur- 
ing this period of extreme debauchery, there 
were among the hitters a very high propor- 
tion of feeble, stunted individuals, but the 
offspring of all such rats were restored to a 
full measure of growth and vigor as soon as 
they were taken off the alcoholic treatment. 
The alcoho} did not alter the genic complex 
of the treated animals, and consequently 
none ol the adverse acquired characteristics 
found a permanent place in the heritable 
constitution of the race. 

Lamarck’s theory laid great stress on the 
question of use and disuse of the various 
organs of the species. The horse, lor example, 
was considered to have arisen from a slower 
running form that inhabited the open plains, 
where a constant exercise olf speed was essen- 
tial in the avoidance of carnivorous enemies. 
Accordingly, mprovements in the skeletal 
and muscular structures of the legs were 
thought to have occurred gradually as a 
result of the excessive use of these organs 
demanded by the environmental conditions. 
And conversely, blind species, which are 
found inhabiting deep, dark caves, were 
thought to have arisen us a result of a gradual 
degeneration of the eyes, due to many gener- 
ations of clisuse. 

‘Two matin fallacies of the use and disuse 
theory are: (1) all experiments designed to 
prove an mberitance of environmentally in- 
duced changes in somatic structures have 


been unsuccessful; and (2) although certain 
factors in the environment, such as heat and 
short-wave radiations, accelerate the 
appearance of mutations, these heritable 
variations are random anc wre not directed 
by the environment toward a greater fitness 
of the variant with reference to its habitat. 
One such experiment involved the rearing 
of fruit Hies in total darkness for more than 
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60 generations—an equivalent of many cen- 
turies in human history. When this experi- 
ment was finished and the flies at long last 
were restored to light, no changes could be 
found either an he stricture Ob eyes-or in 
the responses of the flies to light. Similarly, 
the old custom of binding the feet of high- 
caste Chinese women—which made it virtu- 
ally impossible for these individuals to walk 
—has had no heritable effect upon the foot 
dimensions of the race, even after many cen- 
turies. Likewise, many sorts of mutilation, in- 
cluding the surgical removal of certain 
organs, have been adhered to religiously by 
various peoples since the dawn of human 
societies—without leaving the shghtest mark 
upon the genetic constitution of any race. 
These environmentally induced modifications 
do not penetrate to the level of the germ cells 
ol the species; and no change can play a sig- 
nificant role in evolution unless it involves 
the genes of the germ --cells. Vhus it can’ be 
said that the environment has no directive 
influence upon germ cell mutations, except 
that the environment eliminates such muta- 
tions as may decrease and selects such muta- 
tions as may increase the general fitness of 
the species. 

The impact of modern genetics upon the 
theory of natural selection has thus been to 
clarify and strengthen it, without essentially 
modilying this theory us developed by Dar- 
win. The known laws of variations and 
heredity operate by providing material that 
is sifted and screened by natural selection. 
These somewhat haphazard processes logi- 
cally account for the origin of the species of 
animals and plants that exist today; and sct- 
ence can see no other alternative. 


ro 
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TEST QUESTIONS 


Calculate the number of offspring that would 
be derived from a single pair of cats in ten 
generations, assuming that the average num- 
ber of kittens produced in each generation 
were four and that all the offspring were to 
survive and reproduce. Plot the theoretical 
growth curve of this population of cats. 

A certain troutless pool, in which the food 
supply can sustain no more than 100,000 
trout, is seeded with 5 pairs of fingerlings. 
Assuming that each pair produced 100 off- 
spring annually, what percentage of the off- 
spring can survive: (a) in the first year; (b) 
in the second year: (c) in the third year; (d) 
in each succeeding year. 

Predict ten factors in the inanimate envi- 
ronment that might exert a selective action 
upon the population of trout in the forego- 
ing pool. and explain the type of variation 
that would be probably favored by each of 
the given factors. 

Consider Question 3 in terms of several pos- 
sible factors in the animate environment of 
the pool. 

To what extent does Question 3 illustrate: 
(a) the ‘‘struggle for existence’; (b) the “sur- 
vival of the fittest’; (c) natural selection 
generally? 

Point out the essential similarities and differ- 
ences between natural and artificial selection. 
Differentiate between external and internal 
adaptations. 

Explain how the external adaptations of fish 
generally equip these animals for life in the 
aquatic environment. 

Explain how the external adaptations of a 
particular species of fish may equip it for life 
in a particular kind of aquatic environment 
(for example, in a particular pool). 

In terms of some particular animal explain 
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how some essential internal adaptation may 
be responsible for perpetuating some neutral 
or disadvantageous characteristics in the spe- 
alesy 

To what extent has the environment of the 
different areas of the earth (for example, 
New York State) undergone drastic change 
during the ages of prehistoric time? 

In general, how ts a species affected in num- 
ber, diversity of variation, and area of habi- 
tation: (a) during periods when the environ- 
ment is especially favorable; and (b) during 
periods when the environment is especially 
unfavorable? Explain. 

Explain why isolation is a very important 
factor 1n determining the origin of new spe- 
cles. Explain several ways in which two or 
more varieties of a species may become iso- 
lated from each other. 

How may isolation from competitors affect 
the perpetuation of a given species (for ex- 
ample, the various monotremes and marsu- 
pials [ p. 673] of Australia)? 

Differentiate between genetic variations and 
environmental variations (modifications). Cite 
five examples. to illustrate how a given ani- 
mal (for example, man) and a given plant 
(for example, a fruit tree) are susceptible to 
the modifying influence of environmental 
factors. 

Summarize the evidence that strongly sup- 
ports the view that environmental modifica- 
tions are noninheritable (choose at least two 
specific examples). 

Carefully explain the Lamarckian concepts 
of the mechanism of evolutionary change. 
What has heen the basis for discarding these 
concepts? 

Carefully summarize the modern concepts as 
to the mechanism of evolutionary change. 
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Q=The Consequences 
of Evolution 


EWERY MUSA TLON sor other ‘heritable 
change, if it becomes established in a species, 
either by natural or artificial selection, repre- 
sents a clefinite evolutionary step, and in this 
sense evolution is directly demonstrable by 
experiment. But the conclusion that all exist- 
ing species have originated by similar proc- 
esses occurring In past ages cannot—in the 
nature of the case—be subjected to direct 
proof. In accordance with the scientific prin- 
ciple of the uniformity of nature, however, 
evolution represents a logically predictable 
consequence of known forces and processes. 
Geology and physics provide good evidence 
(p. 559) that organisms have lived on earth 
lor more than three billron years, while the 
environment, aside from large-scale fluctua- 
tions in local conditions, has not undergone 
great change. It may be assumed, therefore, 
that variation and selection have operated 
during these past ages at much the same rate 
as they do today, and this rate, operating 
through this expanse of time, seems ample 
to account lor the evolution of the great 
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diversity of existing species. Moreover, evo- 
lution has left indelible imprints upon many 
structural and functional characteristics in 
every organism, and the crust of the earth 
contains the fossilized remnants of many 
kinds olf pre-existing organisms. Thus an 
accumulation of evidence from many sources 
impels the scientific mind to accept the evo- 
lutionary viewpoint. Organic evolution does 
not necessarily demand that all existing or- 
ganisms have arisen from a single primitive 
ancestral form, but the bulk of evidence in- 
dicates. (hatearly priniordiallfe was: very 
simple and did not consist of any great 
diversity of forms. 

Evolution has left its mark upon every 
phase of biology, as has been noted in many 
places throughout the earlier chapters. In 
summary, therefore, the consequences of evo- 
lution will be considered very briefly, under 
the topics of: classification, comparative 
anatomy, embryology, biochemistry, and 
paleontology (a systematic comparative study 
ol fossils). 


EVOLUTIONARY BASIS OF CLASSIFICATION 


According to their similarities and differ- 
ences, organisms have been classified into 
groups and subgroups—that 1s, into the vari- 
ous phyla, classes, orders, and so forth—of 
the plant and animal kingdoms (Appendix 
I). This classification is not an arbitrary sys- 
tem, as is witnessed by the fact that all or- 
ganisms 1n a given group, however large this 
group may be, resemble each other not 
merely as to one characteristic, but as to 
many. Originally the classification was laid 
out on the basis of the gross structures mu- 
tually possessed by members of each group, 
but subsequent study has usually revealed 
many other resemblances—-as to develop- 
mental, biochemical, and physiological fea- 
tures—which were entirely unknown to the 
biologists who first devised the classification. 
Such facts very clearly indicate that there 
are real, natural relationships underlying the 
classification system. In fact, the main intent 
of classification 1s to group organisms accord- 
ing to their genetic relationships with other 
organisms. On the average, those organisms 
most closely related by descent will mutually 
possess the greatest number of similar or 
identical genes, and organisms possessing the 
greatest common fund of similar genes will 
resemble each other most closely as to their 
phenotypic characteristics. Of course there 
are exceptions to these general rules: iden- 
tical genes may arise independently even in 
species of fairly distant relationship, and, on 
occasion, the phenotypic effects of one set of 
genes may simulate quite closely the effects 
of a different set of genes. Therefore, re- 
semblance in one or a few characteristics 1s 
not a safe criterion of genetic relationship. 
But it is not probable that such coincidences 
should occur frequently, and the more char- 
acteristics a group of organisms possess in 
common, the greater is the certainty that 
these resemblances are due to common genes 
derived from a common ancestry. And when- 
ever it is possible to test this question by 
breeding expcriments, organisms that appcar 
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to be most closely related on the basis of 
their phenotypic features are in fact gen- 
erally found to possess the greatest number 
of common genes. Actually the modern sys- 
tem of classification considerably antedates 
the methods of modern genetics, but the 
criteria that were used in establishing the 
classification of organisms have proved, on 
the whole, to be quite valid. 

It is possible to subclivide existing species 
into well-defined groups, only because a large 
proportion of intermediate organisms have 
become extinct. If every spccies and sub- 
species that ever lived were still alive today, 
there would be no definable groups, but a 
continuous series of intermediate forms con- 
necting every type of organism with every 
other type by insensibly small degrees of 
difference. Classification depends in a large 
measure upon the accidents of extinction, 
and thus we do not find a neat symmetrical 
scheme, but rather a confusing system of 
large, small, well-defined, ill-defined,  re- 
motely different, and closely similar species, 
genera, families, orders, classes, and phyla, 
making up both the plant and animal king- 
doms. Existing species are frequently and 
aptly compared to the surviving twigs of a 
buried tree, of which the main limbs and 
branches have decayed and disappeared. 
Classification must seek to assign each twig 
to the proper branch and subbranch from 
which it initially originated. In many cases 
this task is simplified by the uncovering of a 
few more or less imperfect remnants (fossils) 
of the former connections; but under the 
circumstances 1t is not surprising that there 
are many uncertainties and differences of 
opinion. In some cases there are so many in- 
termediate forms between two different 
groups that the line of separation must neces- 
sarily be altogether arbitrary—as is the case 
of the line that separates the animal and 
plant kingdoms. In other cases the opposite 
difficulty arises: so much extinction has oc- 
curred that certain small groups of species 
are left, isolated with no obvious relations 
to any other larger group-——as in the case of 
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several invertebrate phyla (Nemertinea, 
Rotifera, etc., p. 680). All in all, therefore, 
classification, or taxonomy, is a very difhcult 
science, fraught with uncertainty and con- 
troversy. But experience has shown that this 
natural system is very useful. In giving the 
phylum, or class, or other lesser category of 
any animal or plant, the name of the group 
immediately specifies that this organism 
possesses a long list of structural, functional, 
and developmental characteristics, in com- 
mon with all other members of the same 


group. 


COMPARATIVE ANATOMY IN RELATION 
TO EVOLUTION 


Each large group of organisms, such as the 
phyla and classes of the animal and plant 
kingdoms, displays a fundamental architec- 
tural plan of body structure that underlies 
the diverse specializations of the different 
body parts. Invariably all the members of 
such a group possess a number of homolo- 
gous organs that display unmistakable simi- 
larities of structure and development, al- 
though the particular organ in the different 
species may be adapted to totally different 
functions. Generally speaking, the differences 
between homologous organs show an adapta- 
tive relationship to differences in the en- 
vironments of the several species 
be expected as a result of natural selection. 
But the similarities between homologous 
organs scem to have no logical explanation, 
except in terms of genetic relationship. 

‘To exemplify homology, let us take the 
skeletal system of vertebrate animals, or more 
particularly the bony structure of the fore- 
limbs throughout the vertebrate group. Re- 
gardless of whether the forelimb 1s adapted 
for walking, swimming, flying, or other spe- 
cial function, the same grouping of homolo- 
gous bones can easily be recognized in any 
vertebrate—as ts shown in Figure 29-1]. This 
does not mean that such a skeletal structure 
is ideally suited for all these purposes. ‘The 
walking, swimming, and flying appendages 


as would 








of insects are just as well adapted to each of 
these same functions, although insect ap- 
pendages display a totally different plan of 
structure. The differences between the fore- 
limbs of various vertebrates are obviously 
correlated with their different environ- 
ments and functions, while their underlying 
similarities—as to the form and arrangement 
of the homologous bones and muscles—must 
be ascribed to the fact that all vertebrates 
are genetically related to each other more 
closely than to other animals. 

Similarly the whole skeletal system, as well 
as all the muscles, nerves, sensory organs, 
digestive organs, reproductive structures, etc., 
of vertebrate animals display innumerable 
homologies of structure and development. 
The same general architectural plan can be 
seen in the body structure of every verte- 
brate, and no other group of animals con- 
forms to this particular plan. Variation and 
selection have modified the plan to fit a wide 
variety of special environmental conditions 
in a wide variety of species; but the plan 
itself remains to testify as to the common 
inheritance that all vertebrates have re- 
ceived from a common ancestral stock. 

Vestigial Organs. Some organs in every 
species appear to be quite useless and de- 
generate as compared to homologous struc- 
tures in related species, and such vestigial 
organs are by no means rare. The complete 
list of vestigial structures in the human body, 
for example, probably numbers more than a 
hundred; and the ist includes a number of 
familiar structures, such as the vermiform 
appendix. the coccyx (tail vertebrae), the 
nictitating membrane of the eye, and the 
small muscles that can be trained to “move 
the ears.” Moreover, comparable numbers of 
vestigial organs are found in other groups 
of animals and plants—in proportion to the 
complexity of their structure, and to the care 
and thoroughness with which they have been 
studied. 

A vestigial organ is presumed to represent 
the surviving remnant of an organ or struc- 
ture that was well developed and functional] 
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in some ancestral species. Or to state the 
matter more specifically, the vestigial organ 
1s the product of a surviving group of genes 
derived from genes that previously gov- 
erned the development of some useful organ 
in an ancestral species. As a general rule, 
organs that become useless to a species as 
a result of changes in its habits and environ- 
ment tend, in the course of evolution, to 
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degenerate in size and refinement of struc- 
ture. The eyes, for example, of many cave- 
dwelling species of crustaceans, fishes, and 
amphibians, are blind and degenerate, al- 
though these nonfunctional eyes still show 
a similarity of structure and development to 
the functional eyes of closely related day- 
light-dwelling species. Given adequate time, 
such an evolutionary degeneration of useless 
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organs would seem to be inevitable on the 
basis of mutation and natural selection. Mu- 
tations are random and prone to decrease, 
rather than increase, the size and perfection 
of the affected parts. So long as the organ in 
question has value in the survival of the 
species, such detrimental mutations are 
quickly eliminated by natural selection. But 
if a structure has become nonessential to sur- 
vival, detrimental mutations will tend to ac- 
cumulate and spread throughout the popu- 
lation. In fact, the displacement of a useless 
organ will be accelerated by natural selec- 
tion, because the whole organ would require 
a greater share of the organism's food supply 
compared to its partly degenerate counter- 
part. Natural selection tends to reduce and 
eliminate useless structures, although a long- 
enduring persistence may occur as a result of 
the random nature of the degenerative 
changes, or as a result of hidden effects of the 
persistent genes, which may be favorable in 
relation to the internal adaptation of the 
species (p- 5-13). 


EMBRYOLOGY AND EVOLUTION 


In any group of related species the em- 
bryonic stages tend to resemble each other 
much more closely than the adults (Fig. 29-2) 
for reasons that are not very difficult to find. 
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ingly similar. 





In the earlier embryonic stages, all organisms 
are relatively simple as to their gross struc- 
ture, so that little opportunity is afforded 
for drastic differences to appear. Moreover, 
many genes produce their phenotypic effects 
relatively late in embryonic development, so 
that differences induced by these genes are 
added to the differential effects of earlier 
acting genes. Thus in some cases the em- 
bryonic stages of a species reveal genetic re- 
lationships that would scarcely be suspected 
on the basis of adult structure, This is par- 
ticularly true of parasitic or otherwise de- 
generate forms in which the adults lose many 
of the characteristics of the group to which 
they belong. Frequently the mutations re- 
sponstble for these losses have their main 
effects relatively late in development, so that 
the early development of the species displays 
an unmasked resemblance to the embryos of 
the other members of the group. 

In some cases, however, the larvae of re- 
lated animals do not resemble each other 
more closely than the adults, but such larval 
differences usually show a distinct adaptive 
relation to the habitat in which the larvae 
live. Highly distinctive larvae are particu- 
larly characteristic of insects and other forms 
that spend a considerable proportion of their 
life span in the larval stage. In such cases, 
apparently, natural selection has acted to 
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During early development the embryos of various vertebrates are strik- 


preserve a number of early acting mutations 
that have survival significance during the 
larval stages. Later in development many of 
these special larval adaptations are lost, for 
during metamorphosis, the structures of the 
adult are derived from less specialized parts 
of the larva. In short, differences between 
related species may appear at any stage of 
development—-embryonic, larval, or adult— 
although it is undeniably true that genetic 
relationships are apt to be plainer in the 
earlier stages of development. 

Higher animals, due to the greater com- 
plexity of their mature structure, tend to 
differ more drastically from their respective 
embryos than do their lower, or simpler, rela- 
tives. For this reason, the embryonic stages 
of higher animals are apt to exhibit striking 
resemblances to the adult stages of lower 
species. For instance, the embryos of all ver- 
tebrates develop gill slits in the pharynx 
(Fig. 29-2); and in lower vertebrates (fish) 
these gill slits remain as functional respira- 
tory channels in the adult species. But in the 
embryos of higher air-breathing vertebrates 
(Fig. 29-3), the gill slits are closed, except for 
the first pair, which becomes modified to 
form the Eustachian tubes (p. 283). Appar- 
ently the genes responsible for the develop- 
ment of gill slits in the ancestral vertebrate 
stock have persisted, while other genes, which 
decree the closing of these channels, exert 
their developmental effects later in the em- 
bryonic period. In a sense, therefore, gill slits 
are to be regarded as embryonic vestigial 
structures. 

Biologists of the eighteenth and _ nine- 
teenth centuries were deeply impressed by 
the resemblance of early embryonic stages of 
higher animals to the adult stages of lower 
members of the same class or phylum. In fact 
these observations formed the basis of the 
theory of recapitulation, which was accepted 
very widely. Briefly, the recapitulation theory 
held that every species, in passing through its 
embryonic stages, repeats the evolutionary 
stages by which the species has reached its 
present status. Without question the recapi- 
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tulation theory served a useful purpose in 
emphasizing the general similarity between 
embryonic development and evolutionary de- 
velopment. All multicellular animals do, in 
fact, revert to the unicellular condition at 
conception; and the blastula, gastrula, and 
other generalized stages of embryonic devel- 
opment do tend to resemble the early steps 
of evolutionary development. But the theory 
cannot sustain a very detailed analysis, as 
might be expected in the light of our mod- 
ern knowledge of genetics and development. 
So long as a given set of genes survives in any 
kind of organism, these ancient genes will 
continue to preserve the ancient character- 
istics of the stock, although newer genes may 
modify and obscure these old effects at any 
stage of development. Moreover, some genes 
in every stock seem to be so crucial in em- 
bryonic development that few, if any, muta- 
tions in these genes are tolerable to the 
organism. Consequently such genes are pre- 
served in the course of natural selection and 
are responsible for the recapitulation of cer- 
tain age-old characteristics in every species. 


BIOCHEMICAL RELATIONSHIPS AMONG 
ORGANISMS 


Genetic relationships between different 
organisms are Clearly indicated not only by 
their structural and developmental charac- 
teristics, but also by their chemical composi- 
tion—particularly with reference to their 
protein components. The proteins extracted 
from corresponding tissues of closely related 
animals tend to be very similar, or sometimes 
identical; whereas more distantly related 
species show much greater differences in this 
respect. Take, for example, the blood pro- 
teins of vertebrate animals, which have been 
studied very extensively in recent years. The 
antigenic reactions (p. 335) of bloods from 
the various races of man prove to be prac- 
tically identical, and almost identical with 
the antigenic reactions of bloods from the 
anthropoid apes. The bloods of Old World 
monkeys come next in their relationship to 
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Fig. 29-3. 


human blood; while the bloods of New 
World nionkeys and lemurs (Fig. 29-4) show 
a less and less intimate relationship. In this 
way many <legrees of relationship between 
the bloods of all mammals can be demon- 


Human embryos: A, 26 days after ovulation (note particularly the gill slits, yolk sac, 
and tail). B, 34 days (note the limb buds, eye, and brain). C, 43 days (note the well-developed 
face and limbs and the umbilical card). D, 56 days. In A, the magnification is some five times 
greater than in D. (Courtesy of Dr. G. W. Carner, Carnegie Institution of Washington.) 


strated! (Bie. 29-5); -spimilarty all “binds, “are 
found to have a fairly close relationship to 
each other, and more distant ties to members 
of the repule group (Fig. 29-6), All in all, 
more than a thousand animals, in several cdif- 
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The serum of o rabbit 
wolf blaod will cause a heavy precipitate of the pro- 
teins of wolf plasma when this plasma is added to the 
rabbit serum in o test tube. The chemically similar 
proteins of dog blood give a faint precipitate, but 
the quite different ones of cot blood reoct scarcely at 


all. (From Gerard, Unresting Cells. Permission of 


Harper and Row.) 
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ferent phyla, have been classified in accord- 
ance with their blood and tissue reactions, 
and generally speaking, these tests indicate 
the same relationships as were derived from 
structural and developmental studies. “Thus 
these biochemical relations—which were dis- 
covered long after the theory of evolution 
had gained general acceptance—strikingly 
confirm the conclusions that were based 
originally upon totally different grounds. 
Apparently the biochemical similarities be- 
tween related species come from the same 
sources as their structural and developmental 
similarities—the possession of a common 
fund of genes derived from a common an- 
cestry. 


PALEONTOLOGY: THE FOSSIL RECORD 


A fossil is any sort of remnant, or trace, 
left by an ancient pre-existing form of life 
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Fig. 29-7. Part af the !eg af a dinasaur, Diplodocus, 
as uncavered in the Bane Cabin Quarry, Wyaming. 
(Caurtesy af the American Museum af Natural His- 
tory, New Yark.) 


(Figs. 29-7 and 29-12); and the study of fossils 
constitutes the science of paleontology. A few 
fossils are found in sand drifts, asphalt, 
amber (petrified resin), and in the ice of 
arclic regions, but a vast majority of fossils 
are found in sedimentary rocks. ‘These 
stratified rocks are formed under water, by 
the slow deposition of sand, clay, mud, or 
lime, which subsequently harden into rock, 
under the action of high pressure and a 
series of slow chemical transformations. 
The fossil record, as it is known today, pro- 
vides only a very fragmentary history of the 
life of past ages, but this fact is not surpris- 
ing in view of the peculiar chain of chance 
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and circumstance necessary for the forma- 
tion, preservation, and discovery of fossils. 
Usually only the hard parts of any creature— 
such as shell, bone, or wood—are likely to 
survive as fossils, and since a majority of 
very early organisms never possessed any 
skeletal parts, vast multitudes of ancient 
forms have left only the barest traces of their 
existence. Also the fossils found in sedimen- 
tary rock, by the nature of their origin, are 
derived mainly from aquatic organisms or, 
more especially, from species that have dwelt 
in the ocean. Only rarely does it happen that 
the remains of a land-dwelling form find tts 
way to the oceanic floor, and consequently 
terrestrial species, on the whole, are rather 
poorly represented in the fossil record. More- 
over, sedimentary rocks are cdeposited only 
under certain conditions—-relatively near the 
shore, where large amounts of sediment are 
accumulating, in areas that are sinking—so 
that the accumulation may reach considera- 
ble depth. And once formed, fossils are sus- 
ceptible to destruction. Very deeply buried 
sedimentary rocks begin to suffer distortion 
or metamorphosis, as a result of great pres- 
sure or heat, and these factors may destroy or 
obliterate a large part of the fossil content. 
If, on the other hand, such rock is raised and 
exposed to the eroding action of running 
water, wind, rain, sleet, frost, etc., again there 
may be a wholesale destruction of the fossil 
record. And finally, fossils that escape the 
vicissitudes of the ages can be discovered 
during this present age only if they happen 
to lie at or near the surface of the earth, in 
some accessible region (Fig. 29-9). Consider- 
ing all these factors, therefore, it is not sur- 
prising that the record of pre-existing species 
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Tatal skeletan af a dinasaur, Diplodacus. (Caurtesy af the American 
Museum af Natural Histary, New Yark.) 





Fig. 29-9. 
Pacific Railroad Photograph.) 


is far from complete. In fact, rt is surprising 
that so much has been preserved and dis- 
covered. Since the time of Darwin—who 
emphasized the meagerness of fossil data 
paleontologists have advanced great lengths 
toward the completion of the record (Fig. 
29-10), especially with reference to species 
that became extinct during the more recent 
periods of geological time. 

Geological Strata and Their Relative Ages. 
The layers, or strata, of sedimentary rock, 
because of the nature of their origin, occur 
in the sequence of their deposition, such that 
all newer (later) strata are superimposed 
upon the older (earlier) layers. Consequently 
the deeper the stratum, the older its content 
of fossils. However, the problem of determin- 





ing the relative ages of the various geological 
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Layer after layer of strotified rock, exposed in the Grond Canyon of the Colorado River. (Union 


strata is not always so very simple, because 
not all strata are to be found in any one lo- 
cality. Some land areas were exposed at umes 
when others were submerged, so that great 
gaps may be present in the strata of any 
given region. Also some areas experienced 
resubmergence after many centunes of ex- 
posure—during which erosion carried away 
many of the upper strata. Therefore, in some 
cases, relatively recent strata are found super- 
imposed directly upon very ancrent layers. 
But despite the gaps, the older strata m any 
one locality are always found to be deeper 
than the newer layers, except in rare cases 
where there has been a demonstrable folding 
of the crust of the earth and an inversion of 
the Strate: And once the relanve age ol a 


certain stratum been 


has determined on 
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other grounds, the fossils of this stratum pro- 
vide an invaluable clue for the identifica- 
tion of the corresponding stratum in other 
regions of the earth. 

Eras and Periods of Geological Time. The 
earlier geologists were able to identify five 
well-defined series of strata, but found con- 
siderable gaps between the series, and smaller 
gaps within each series. On the basis of these 
gaps, the strata were divided and subdivided 
into the eras and periods of geological time, 
as is shown in Table 29-1]. Subsequently the 
study of the strata has progressed consider- 
dbive extending t-ever cider regions-of the 
earth. Thus many of the gaps have been filled 
in, and the lines of demarcation between the 
eras and periods are becoming less sharply 
and arbitrarily definect. 

The the; serds. ane 
periods of geological time is quite plainly 
indicated’ bythe thicknesse.cf their Strata, 
although considerable variation must have 
OGENIred Inthe mate: ab which. sedimentary 
rock was deposited in different areas and at 
(Hiterent- times. In: fact;suntil recently there 
was httle hope of obtaining reliable estima- 
tions as to the absolute duration of the geo- 
logical periods. Now, however, physicists 
have found that the proportion of radio- 
achive elements. contained 1m certain rock 
provides an excellent index of the absolute 
age. Uranium, for example, gradually trans- 
fons: into lead: by" a series’ of radioactive 
disintegrations, and the rate of this disinte- 


relative duration of 


gration is independent olf temperature and 
the other variables of the environment. Spe- 
cifically, it requires 4.5 billion years for halt 
of a given sample of uranium to degrade into 
lead. Vherefore, in rocks that are devoid of 
lead except for that which has been clrived 
from uranium, the lead:uranium ratio gives 
an accurate measure of the absolute age. 
These age measurements excellent 
agreement with the most recent and reliable 
data based on sedimentation Conse- 
quently the curations of the eras, us specified 
iy lable 292) 5-cam be accepted: witha fair 
degree of confidence. 


are in 


Lates, 


Brief Survey of the Fossil Record. The 
main ouuines of the history of pre-existing 
life are shown in Figures 29-10 and 29-1] and 
Table 29-]; and the ensuing account will at- 
tempt little more than to exemplify a few of 
the major evolutionary trends. 

No recognizable fossils are found in the 
Archeozoic but all thesé rocks are 
badly metamorphosed and eroded. However, 
the presence of graphite and other materials 


Strata, 


of presumably organic origin indicates that 
the very earhest forms of life had their first 
beginning quite early in the Archeozoic 
period. 

In Proterozoie rocks, iossils are still rela- 
tivelg scaree and poorly preserved, but quite 
a few are plainly recognizable. The very 
earliest fossils are identified as primitive 
Schizomycophyta; and most biologists agree 
that the earliest cellular organisms were col- 
orless plants somewhat similar to the modern 
bacteria (p. 601). In the upper Proterozoic 
strata there are unmistakable fossil remains 
of algae (akin to the modern Thallophyta), 
numerous Protozoa, a few sponges (Porifera), 
und—near the very top—a few other in- 
ver tebruteceroups (hie. 20410): 

A considerable ap ‘exists between the 
Strata iol the earls: Paleovoiesand. the ‘late 
Proterozoic eras; that is, no sedimentary rocks 
formed during this interval have been found 
on. the lame: suriacés us-they exist. today. in 





fact the geological evidence indicates that 
most ol the: land areas. of today avere also 
land areas toward the end of the Proterozoic 
period.. Ihe earliest Paleozoic (Camibman) 
strata contain a rich fossiliferous recore, with 
an abundance ol algae and some representa- 
tives of all the principal invertebrate phvla. 
However, the Cambrian Strata show few, 1 
any, true vertebrates, no plants higher than 
the Thallophvtay and, in fact,i0 a cizestial 
organisms of any kind. All life at this time 
was still aquatic. Moreover, Cambrian ani- 
mals while belonging to the same phyla as 
our modern species, were generally quite chit- 
ferent. On the whole they were more primi- 
trve than the present species, anc in many 
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PLANT KINGDOM 


DICOTYLEDONEAE MONOCOTYLEDONEAE 


ANGIOSPERMS 
(Flowering plonts| 








GYMNOSPERMS 
(Conifers, etc.) 


FERNS 
(Filicinece| 


LYCOPSIDA 


SPHENOPSIDA 


\ 


PRIMITIVE VASCULAR PLANTS 
[Eorly Trocheophytes} 


PSILOPSIDA 


BROWN ALGAE 







(Phaeophyta) MOSSES, LIVERWORTS 
RED ALGAE Bryophyta) 
(Rhodophyta} 

FLAME ALGAE 
(Pyrrophyto} 


GOLDEN BROWN ALGAE 


ANIMAL KINGDOM 


PLACENTAL 


{ 
MARSUPIALS MAMMALS 


BIRDS 







MODERN REPTILES 
MONOTREMES 


DINOSAURS EARLY MAMMALS 


EARLY REPTILES 
MODERN AMPHIBIA 


EARLY AMPHIBIA MODERN 
BONY FISH 
CARTILAGINOUS FISH EARLY BONY FISH 


JAWLESS FISH 













PRIMITIVE 
VERTEBRATE STOCK 
AEG TO Oe CEPHALOCHORDATA 
[Amphioxus] 
PERIPATUS UROCHORDATA 
Dees! HEMICHORDATA 
ANNELIDS MOLLUSKS (Acorn worms) 
BRACHIOPODS PRIMITIVE 


CHORDATE STOCK 
NEMERTINES BRYOZOA 
ECHINODERMS 


FLATWORMS 
(Platyhelminthes] 


: ; CTENOPHORES 
Hehnyseehyial GREEN ALGAE 
Chi hyt 
EUGLENOPHYTA [Chlorophyta] COELENTERATES 
PRIMITIVE 
BLUE GREEN ALGAE : , 
(Cyanophytol GASTRULOIDS PORIFERA 
‘Sponges! 
HIGHER FUNGI 
PRIMITIVE 
“BLASTULOIDS" 
(Multicellular & Colonial) MODERN 
PROTOZOA 


ee ee ee ee ee 





(Eumycophyta! 
SLIME MOLDS 
[My xomycophytal eed 
MODERN BACTERIA 
(Schizomycophyto} 
UNICELLULAR GREEN PLANTS ¢ 
(produced O,} a 
eee 


HOLOZOIC FLAGELLATES 
(Aerobic) 


/ 


~~ 
—_ 


“ 


EARLY COLORLESS CELLS 
(Anaerobic; produced CO,) 


PRIMITIVE LIVING MATTER 
(Subcellular; produced CO,} 


FIRST ORGANIC MATTER 
(see Chopter 10} 


Fig. 29-11. 


Probable relations af the moin phyla of plants and animals. 


cases like the ‘Trilobita (Fig. 32-31), they be- 
long to groups that are now extinct. 

Quite early in the Paleozoic era (Ordovi- 
cian strata), fossil] Vertebrata begin to be well 
fishlike forms. 


represented, 1S primitive 


Shortly thereafter (Silurian strata) the first 
land plants appear, followed (in the Silurian 
and Devonian periods), by primitive amphib- 
rans and reptiles, which also began to in- 
vade the land. The later strata of the Paleozoic 





Fig. 29-12. 
Yale Peabady Museum.) 


era continue to show a rich though varying 
representation of most of the earlier groups, 
but in addition they reveal the flourishing of 
many land-dwelling species: Bryophyta and 
Gymnospermae, among the plants; reptiles 
and Amphibia, among the Vertebrata; and 
insects (Fig. 29-12) and other Arthropoda 
among the invertebrates. Extensive swamp- 
land forests (Fig. 29-13), composed of gigantic 





Fig. 29-13. 
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Fassil of a Paleazaic insect (Dunbaria fasciipenis). (Caurtesy af the 


ferns and other primitive Tracheophyta to- 
gether with a few primitive Gymnospermae, 
flourished in the latter parts of the Paleozoic 
period; and fish became the dominant ant- 
mals of the sea. However, none of the flower- 
ing plants (Angiospermae), nor any of the 
birds and mammals appear to have arisen 
much before the termination of the Paleozoic 
era. 
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Restoration of a carbaniferaus swamp farest. Nate the giant ferns, harsetails, 


and club masses; the primitive conifers (primitive gymnosperms); and the large primitive 
insect (center, right, look closely). (Courtesy af the Chicago Natural Histary Museum.) 
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Fig, 29-14. Whole skeleton of another dinosaur, Tyrannosaurus rex, from the Cretaceous strata of Hell Creek 
Basin, Montana. (Courtesy of the American Museum of Naturol History, New York.) 


The early Mesovoic struta show a great (Pigs. 29-14 and 29-15), and the flying reptiles 
diversification of the reptile group, not only = (pterosaurs). Also in the early Mesozoic rocks 
as to forms resembling the modern lizards, one finds the first primitive mammals. But 
turtles, snakes, and so forth, but also as to — the first birds, such as the toothed and clawed 
archaic forms like the gigantic dinosaurs Archaeopteryx (Fig. 29-16), are not found 
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Fig. 29-15. Tyrannosaurus and Triceratops, a restorotion by Charles R. 
Knight. (Courtesy of the American Museum of Natural History, New York.) 


until the middle Mesozoic strata, and only 
in the upper Mesozoic strata does one begin 
to find flowering plants and modern insects. 
The close of the Mesozoic era also marks the 
extinction of most of the numerous ancient 
reptilian hordes that had dominated the land 
and air for a hundred million years. Hardly 
a single fossil trace of the many kinds of 
dinosaurs, pterosaurs, and other primitive 
types of reptiles are to be found in any of 
the Cenozoic strata. 

The Cenozoic era, in which we live, 1s 
characterized by a very abundant fossil rec- 
ord; but to consider the details of this record 
would carry us far into the field of paleon- 
tology. Very briefly it can be said, however, 
that the Cenozoic era is the age of mammals 
and angiosperms. 

By the beginning of the Tertiary period 
quite a variety of archaic mammals had 
usurped the place of the dinosaurs. These 
mammals displayed a very primitive struc- 
ture. Their teeth, unlike the differentiated 
cutting (incisor), tearing (canine), and grind- 
ing (molar) teeth of modern mammals, were 
all essentially the same—like typical reptilian 
teeth. Moreover, the archaic mammals 





Fig. 29-16. A primitive Jurassic bird, Archaeopteryx. 
Note the teeth, the elongate tail, and the clawed 
wings. (Courtesy of the American Museum of Natural 
History, New York.) 
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walked, not on their toes, but on the soles 
of their feet; they had five (the full primi- 
tive number) of digits on both fore and hind 
feet; and their cranial cavities were small 
compared to those of most modern mammals. 
In fact, very few of the archaic mammals 
survived until the end of the Tertiary period. 
Gradually they were displaced by the an- 
cestors of the modern types, which had 
begun to appear simultaneously in early Ter- 
tiary times. 

By the middle of the Tertiary period most 
of the modern orders of mammals (p. 673) 
had become numerous and well established. 
Here we find the richly documented evolu- 
tionary stages of the Ungulata (horses, camels, 
elephants, cattle, swine, etc.); the Carniv- 
ora (tigers, lions, cats, dogs, etc.); Rodentia 
(squirrels, rabbits, rats, mice, etc.); Primates 
(monkeys, apes, lemurs, etc.); and so forth. 
In fact, the peak of the ascendancy of the 
mammals (excluding man) was reached be- 
fore the close of the Tertiary period. In the 
latter part of this period, there were great 
herds of mastodons (Fig. 29-17); but these 
elephantine creatures became extinct before 
the onset of the recent epoch. 

The Tertiary period also records the rise 
of the angiosperms to ascendancy in the plant 
kingdom. Particularly important was the 
spread of the grasses, which provided food 
for the herbivorous mammals; and the exten- 
sion of the deciduous forests, which afforded 
protection for a wide variety of mammalian 
types. 

The first manlike fossils began to appear 
quite late in the Tertiary (Fig. 29-4); but un- 
deniable evidence of the genus Homo 1s not 
found until early in the Quaternary period. 
The fossil record of the descent of man is 
not so complete as that of many other mam- 
mals (for example, the horse, camel, elephant, 
etc.), due probably to the fact that the forest 
habitat and mode of life among the early 
primates were not conducive to fossilization. 
However, the evidence is clear enough to 
show that man owes his origin to apelike 
creatures (Fig. 29-18), which in turn were de- 
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Fig. 29-17. 
period. (Caurtesy of the American Museum of Natural History, New Yark.) 


rived from lower primates. In fact, when one 
traces the fossil record, it is impossible to 
draw a sharp line between the apes and the 
SEVCi al species Ol. man that existed im: the 
Pleistocene: epoch. Also itis clear that, all 





| 
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Mastodons were very numerous taward the end of the tertiary 


races of man that are alive today belong to a 
single species, Homo sapiens; and that the 
oldest fossil remains of this species are found 
in Pleistocene strata, formed about 250,000 
years ago. 


TEST QUESTIONS 


Explain how a study of the classification of 
a given group of organisms (for example, 
vertebrates) leads to the conclusion that all 
the types belonging to the group (for exam- 
ple, fish, amphibians, reptiles, birds, and 
mammals) are variously interrelated by de- 
SCE TIE. 
List twenty features possessed by al] verte- 
brate animals but not by any other group of 
animals. 
Explain how and why a biologist can predict 
many things about an animal or plant he 
has never seen, provided he is merely told 
the phylum and the class of the unknown 
organism. 
Specily: 
a. five human bones that have homolo- 
gous parts in the lrog’s skeleton 
bb. lour parts of man’s digestive tract for 
which there are homologous organs in 
the lrog 


qc 


6. 


c. four parts of man’s excretory system for 
which there are homologous organs in 
the rat 

d. five parts of man’s nervous system for 
which there are homologous parts in 
al] other vertebrates 

What ts the justification for considering that 
the arm of a man is homologous to: (a) 
the wing of a bird; (b) the forelimb of a 
frog? 

Explain the basis for the statement that a 
reptile, essentially, is. ao patched up, ard 
made over amphibian.” 

What is a vestigial structure? Mention three 
of man’s vestigial structures. How are ves- 
tigial structures to be accounted for? 

How does a human embryo resemble the 
embryos of fish (and other vertebrates) in 
regard to: 

a. origin, position, and structure of the 
nervous system 
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Fig. 29-18. 


Skull and facial restorations af various prehistaric men, by J. H. McGregar. Fram left to right: 


1, the Java man, Pithecanthropus; 2, the Neanderthal man; and 3, the Cro-Magnon man. In 1, the lighter 
parts are restorations, deduced from the anatomy af the other parts. (Courtesy of the American Museum af 
Notural History, New Yark.) 


10. 


I]. 


12. 


b. stages in the development of the skele- 
tal system 
c. origin and development of the circula- 
tory organs? 
To what extent does a human embryo in the 
“gill slit stage’’ tend to resemble a fully de- 
veloped fish? 
Explain and discuss the theory of recapitula- 
tion, pointing out its strengths and weak- 
nesses. 
Explain the genetic basis of the recapitula- 
tion tendency. 
Explain how a study of the comparative 


Eee 


14. 


15: 


biochemistry of the tissues (for example, 
blood) of various groups of animals and 
plants can be used to reveal genetic relation- 
ships among the groups. 

Carefully define: (a) paleontology; (b) a fos- 
sil; (c) sedimentary rock: (d) erosion; (e) 
metamorphosis (of rock); (f) a geological 
stratum. 

Explain how it is possible to estimate: (a) 
the relative age of a given geological stratum; 
(b) the absolute age of certain strata. 
Distinguish between the eras and periods of 
geological] time. 
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16. Briefly discuss each of the folowing topics: 

a. origin of the Schizomycophyta and Pro- 
tozoa 

b. origin of the Thallophyta and Porifera 

c. origin of the higher invertebrate phyla, 
and of the earliest vertebrates 

d. first appearance of land plants (mosses, 
ferns, and seed plants): origin of land 
vertebrates 

e. origin and extinction of the forests of 


giant ferns 


FURTHER 


Po wiqneandetic Venepiales, by A. 5. omer; 

Chicago, 1941. 

Men of the Old Stone Age, by H. F. Osborn; 

New York, 1918. 

3. Organic Evolution, by R. S. Lull; New York, 
1929. 


ro 


f. the rise and fall of the dinosaurs and 
other primitive reptilian forms: origin 
of the birds and mammals; the heyday 
of the cycad and conifer forests 

g. the replacement of the archaic mam.- 
mals by the modern mammalian forms 

h. the rise of man 

17. List at least ten different fields of study that 
contribute significant evidence as to the 
probable mechanism and the actual course 

_of evolution. 


READINGS 
4. Embryos and Ancestors, by G. R. DeBeer; 


Oxford, 1940. 


5. Tempo and Mode in Evolution, by G. G. 


Simpson; New York, 1944. 


6. Up from ihe Ape, by E. A. Hooton; New 


York, 1945. 


3O=£colog y and Evolution 


THE ORGANISM AND THE ENVIRONMENT 


Throughout the ages ving things have 
been forced to change as they survived the 
everchanging conditions of natural selection. 
Each kind of organism, in fact, has been 
molded and remolded according to its capac- 
ity to live and reproduce at such times and 
in such places as it happened to exist during 
its evolutionary history. Today, therefore, 
existing species tend to be well adapted to 
their present environment. Each displays a 
variety of adaptations of form, function, and 
behavior. These adaptations fit each species 
to survive and multiply not only under the 
conditions of the environment as a whole but 
also—and this is even more important— 
under the special conditions of its own par- 
ticular natural habitat. 

A systematic study of the manifold interac- 
tions between organisms and the environ- 
ment constitutes the science of ecology. Or- 
ganisms, of course, have been tailored by 
natural selection to fit some particular en- 
vironment; but it is equally true that the 
environment is subject to profound change 
by virtue of the organisms that live within it. 
Obviously ecology impinges upon every as- 


pect of biology, and the following summary 
must therefore be brief and fragmentary. 


BIOTIC AND ABIOTIC ASPECTS OF THE 
ENVIRONMENT 


Living things are exposed to two kinds of 
environmental influences: (1) contacts with 
other organisms (the biotic environment); 
and (2) contacts with the nonliving elements 
of nature (the abiotic environment). The 
biotic and abiotic parts of the environment 
always work together in shaping the evolu- 
tionary destiny of the species, but it is easier 
to discuss them separately. 

The Biotic Environment. Directly or in- 
directly the animals of a given region are de- 
pendent upon the green plants of the area, 
since green plants provide the major source 
of all organic food. But above and beyond 
this basic fact, there are many other biotic 
relationships that enmesh the species in a 
common web of destiny. Indeed, the equilib- 
rium that exists is so delicately balanced 
that any significant change 1n the population 
of one species inevitably has an influence on 
all neighboring species. 

Interdependence of Species. Sometimes it is 
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possible to catch a glimpse of the chain of 
circumstances that interlinks the species of a 
region, even though biotic interrelationships 
are extremely complex and dificult to study. 
In 1931, for example, a fungus disease, caused 
by a parasitic slime mold (Labyrinthula), 
suddenly destroyed almost all of the eelgrass 
(Zostera marina) that for centuries had flour- 
ished im the shallow bays and inlets along 
the Athintic coast. Such a wholesale extermi- 
nation of the eelgrass produced enormous 
changes in the fauna and flora of the coastal 
region. Most people noticed these changes, 
because scallops and mussels became ex- 
tremely scarce and because certam migratory 
ducks (which feed upon the eelgrass) were 
no longer available. But more important still 
Was the ¢xtemunanon of many species ot 
marine worms and other tidal organisms, 
which died off in prodigious numbers. With- 
out eelgrass, the mud flats were no longer 
anchored against erosion by the shifting tides, 
and large areas of this richly populated habi- 
tat were destroyed all along the coast. 
Another example of the mterdependence 
of species in a given locality may be cited 
from the work of Darwin, For years Darwm 
studied Huctuations m_ the 
abundance of red clover in an English coun- 
tryside. Generally speaking, it was found that 
red clover became exceptionally abundant 


the periodic 


whenever the population of cats increased. 
These changes were correlated with changes 
in the populition of field mice and bumble- 
bees mn the locality. The red clover produced 
more seeds whenever there were larger num- 
bers of bumblebees to pollinate the Howers; 
and since field mice gain a living by preying 
upon the nests of the bumblebees, the bees be- 
came abundant when the current generation 
of cats was adequate to hold down the num- 
ber of field mice. Consequently, both bumble- 
bees and red clover began to prosper when- 
Ever there. Were INany Lo cheek the 
depredations of the mice. 


Cults 


Animal Populations and the Food Supply. Al- 
though the green plants of a region provide 
the animal 


an ultimate nutritive base for 


species, many large animals feed directly 
upon smaller animals, and smaller animals, 
in turn, gain a living by devouring a variety 
of still smaller creatures. Moreover, large 
carnivorous animals cannot survive unless 
they find an abundance of smaller creatures 
to feed on—as is witnessed by the fact that 
an adult lion may kill as many as fifty zebras 
every year (Fig. 50-1). As a result of these 
lactors, the carnivorous species ol a region 
tend to display a pyramidal distribution. 
Generally one finds, at the base of the pyra- 
mid, large numbers of small plants and ani- 
mals, which provide food for the larger 
animals, And at the apex of the pyramid 
there are only a few very large animals which 
feed upon the lesser species. 





African lions at the kill (a zebra). (Courtesy 
af the American Museum of Natural History, New 
York.) 


This pyramidal distribution of animals, 
according to size and the magnitude of the 
food requirements, may be observed m a 
variety of localized environments. In many 
ponds, lor example, there are billions of bac- 
teria, but only millions of paramecia and 
other large Protozoa can be supported by the 
bacterial population. Lhen there will ibe: a 
lesser number—perhaps hundreds of thou- 
sands—of semimicroscopic animals, such as 
Daphnia and Cyclops, and only thousands of 
easily visible creatures, such as carnivorous 
beetle larvae and small fish. Finally. at the 
apex of the pyramid, the number of truly 
large predaceous fish may be so restricted 


that an angler may need patience to make a 
single catch. 

A study of the fauna in a summer forest 
reveals a similar arrangement. Vast numbers 
of aphids and other small herbivorous ani- 
mals provide a broad food base for the 
carnivorous species of the region; and a fairly 
large population of spiders, beetles, and other 
medium-sized carnivorous animals are able 
to prosper on this base. But the number of 
insectivorous birds, such as warblers, will not 


be very great; and only two or three hawks 
(Fig. 30-2) or other predatory birds will be 
able to gain a living in a particular lorest— 
even though the range of flight of such hunt- 
ing birds is extensive. 
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Fig. 30-2. Red-shauldered hawk (Bufeo lineotus) with 
a field mouse in its talons. (Courtesy of the American 
Museum of Natural History, New Yark.) 


In short, the smallest animals at the base 
of a food chain, owing to the modesty of 
their food needs and the efficiency of their 
reproductive processes, tend to populate a 
given habitat in great abundance, whereas 
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the largest animals, at the apex of the food 
chain, are much more restricted in numerical 
abundance—with the medium-sized species 
falling in between the two extremes. More- 
over, the height of the pyramid is limited, 
since the population of a dominant species 
tends to be so sparse that no other animal 
can gain a living by preying upon it. 

The Adaptotion of Species to Species. During 
evolution, many species had a profound in- 
fluence upon the development of other spe- 
cies. In this regard, the insects provide many 
good examples. Insects have been abundant 
since early in the Cenozoic era, at which 
time the flowering plants began their evolu- 
tion. Conseguently, natural selection had 
ample time to create a rich variety of modern 
flowers. Thus, many present-day flowers pos- 
sess both color and fragrance with which 
they attract insects seeking food and, inci- 
dentally, pollinating flowers. Likewise, the 
prevalence of insects during such an extensive 
evolutionary period accounts for many other 
adaptations in modern plants and animals. 
In this category we find the insect-trapping 
leaves of certain plants (Fig. 14-2); the wings, 
eyes, and mouth parts of insect-catching 
birds; and the mouth parts and sensory or- 
gans of many fish, reptiles, and mammals 
that prey upon insects or insect larvae. And 
although insects, owing to their unusual 
prevalence, were particularly potent in shap- 
ing the adaptations of other species, it seems 
probable that every kind of animal and 
plant, whether it persisted or became extinct, 
has had some influence on the evolutionary 
destiny of neighboring species. 

Predatism: Mechonisms of Offense and De- 
fense. Impacts between species have been of 
many kinds, but only such adaptations as 
have arisen in relation to predatism and 
parasitism will be considered in the present 
account. 

Even a cursory survey of familiar species 
reveals a wide variety of adaptations that 
enable animals to catch, kill, and feed upon 
their living prey. Many one-celled animals 
such as Amoeba have pseudopodia that en- 
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trap the prey; Didrniwmn (Fig. 32-4) uses a 
pointed drill to pierce and kill other micro- 
scopic animals; and Suctoria (Fig. 30-3) catch 
and hold their prey with tentacles tipped by 
suction cliscs. Multicellular animals also dis- 
play a bizarre variety of offensive devices. 
These include stinging organs (jellyfish, bees, 





Fig. 30-3. This one-celled animal, a suctorian, uses its 
two batteries of tentacles to cotch, hold, and pene- 
trate into other Protozoo. Then it “sucks out’ the 
protoplasm from the victim. Photograph of a glass 
model of Tokophrya cyclopum. Note the nucleus (dark, 
oval, left), an internol reproductive bud (center), and 
a rounded mass of semidigested food (right). (Courtesy 
of the American Museum of Natural History, New York.) 





wasps, spiders, scorpions, etc.); webs for en- 
snarement (spiders, etc.); claws for catching, 
holding, or tearing victims (eagles, lions, 
tigers, etc.); and teeth for tearing flesh and 
crunching bone (carnivorous mammals). 

Defensive devices are also widespread in 
nature. Ciliates often possess trichocysts, 
which may be used in warding off attack; and 
many animals possess slells, scales, and other 
types of armor (Fig. 30-4). There are numer- 
ous other protective devices of greater or 
lesser importance. ‘These include many fa- 
mihar examples—such as spines (cactus, 
roses, and porcupines); poisonous secretions 
(numerous plants and animals); wnapleasant 
tastes and odors (many plants, caterpillars, 
and toads); and last but not least, protective 
mimicry (Fig. 30-5) and protective coloration 
(many insects and other animals). Also there 
are many less familiar defensive adaptations, 
such as the «nk sac of the octopus. This con- 
tractile reservoir is able to eject such a dense 
cloud of inky fluid that an enemy has difh- 
culty finding its intended victim in the dark- 
ened sea. 

Parasitism. Practically every plant and ani- 
mal serves as host to one or more parasitic 
species. Moreover, the association between 
host and parasite often extends far back into 
the evolutionary history of the species; and 
a high degree of specificity may develop 


Fig. 30-4. 


carolina) 


Female box turtle (Cistudo 
with egg. (Courtesy of the 
American Museum of Natural History, 
New York.) 
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Fig. 30-5. 
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The leaf butterfly, an autstanding example af pratective mimicry. 


(Caurtesy af the American Museum af Natural Histary, New Yark.) 


between the parasite and its host. Seldom 
can a particular parasite infest a wide variety 
of different hosts, and frequently the para- 
sitic relation is altogether species specific. 

Undoubtedly the adaptation of a parasite 
to life on or in a host represents a gradual 
evolution. By slow degrees the parasite de- 
velops an increasing fitness to live on or in 
the body of a particular host; and simul- 
taneously the host develops countermeasures 
to limit the growth of the parasite and to 
neutralize its damaging effects. If the total 
population of the host should succumb to 
the ravages of a parasite, the parasite itself 
would face extinction. Obviously, therefore, 
the survival of a parasitic species depends in 
certain measure upon the survival of the 
host species. 

EFFECTS OF PARASITISM ON THE PARASITE. 
Some parasites, especially ectoparasites (p. 
178) like the mosquito, do not remain in con- 
tinuous contact with the host species, and 
such organisms do not display very drastic 
adaptations to the parasitic habit. The mos- 
quito, for example, is an insect that has 
mouth parts that are plainly designed for 
piercing the skin and sucking blood from the 
host; and the saliva of the mosquito con- 
tains an anticoagulant, which prevents the 
blood from clotting as it is being imbibed. 
But otherwise the mosquito displays little 


divergence from other closely related insects. 
Other ectoparasites, however, maintain a 
closer contact with their hosts, and these dis- 
play more drastic adaptations. The flattened 
body and spiny legs of the flea, for example, 
enable this parasite to force its way through 
the matted hair of the dog; and the clasping 
talons of the louse (Fig. 30-6) make it difh- 
cult for this pest to be dislodged from the 
surface of the skin. In extreme cases, indeed, 
the fixation of a parasite to the host may be 
so complete that the parasite loses virtually 
all capacity for independent life. For exam- 
ple, Sacculina, a parasitic crustacean, dis- 
plays so drastic a degeneration of its eyes and 
other sensory structures, and such an atrophy 
of its locomotor organs, that it bears very lit- 
tle resemblance to closely related species. 
However, Sacculina displays free-living larval 
stages by which it can be identified as a true 
crustacean. 

Obligatory parasites may encounter seri- 
ous difficulty at times when it 1s necessary to 
abandon one host and find access to another. 
In fact there are various adaptations that 
facilitate the transfer of parasitic species from 
host to host. However, only two such adapta- 
tions will be considered, namely: (1) a tend- 
ency of parasitic species to produce vast num- 
bers of offspring, and (2) the ability of many 
parasites to invade one or more intermediary 
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Fig. 30-6. 


hosts as a means of regaining access to a 
primary host. 

Many parasitic species display enormous 
powers of reproduction—which assures a rea- 
sonable chance that some of the offspring 
may gain access to a proper host. In an adult 
tapeworm, for example, each of the many 
body sections usually bears two ovaries and 
many testes, and the number of self-fertilized 
eggs produced by a single tapeworm amounts 
to many millions. Also many parasites multi- 
ply asexually during one or more stages of 
the hile cycle; Uhus, large numbers of off- 
spring may be produced by fission, budding, 
or sporulation during one or more asexual 
stages (Fig. 30-7). 

In regaining access to a primary host, a 
parasite may develop the capacity to infest 
intermediary hosts; and such an intermediary 
host may become a vector, which facilitates 
the transfer of the parasite back to the 
primary host (Fig. 30-7). This tendency, in- 
deed, accounts for the complexity that is 
characteristic of the life cycles of many para- 
sites. The parasite must aclapt itself to a 
series of intermediary hosts, and perhaps also 
to one or more free-living periods between 
successive hosts before it comes back to tts 
primary host. 


Enlarged model of the body louse, Pediculus vestimenti. Note the 
adaptations that enable this ectoparasite to cling to its host. (Caurtesy of the 
American Museum of Natural Histary, New Yark.) 


EFFECTS OF PARASITISM ON THE Host: PARA- 
siTic Diseases. Although a parasite may not 
harm its host very seriously, or at all, para- 
sites generally are responsible lor mfectious 
diseases. This is true among plants, as well 
as animals, including man (see Table 30-1). 
When a virus, fungus, protozoan, or other 
parasitic species invades the tissues, fluids, or 
hollow organs of a host, the parasitized indi- 
vidual often suffers damage, and often the 
host displays symptoms of a definite disease. 

A parasite may harm the host in various 
Ways: (1) by «digesting and destroying: athe 
living tissues (dimoeba hystolytica, in amoebic 
dysentery); (2) by producing toxic products 
(fever-producing organisms); (3) by causing 
internal bleeding (hookworm); (4) by appro- 
priating organic food from the digestive 
tract of the host (tapeworms); or (5) by com- 
binations of these and other effects. 

DISEASE RESISTANCE: NATURAL DEFENSES. 
Natural defenses against infective organisms 
have been evolved im every species, In nian, 
for example, the skin, because of its tough- 
ness: alidodrviress\olters air, ellectiy.é ‘barrier 
against the penetration of potential parasites, 
which often may gain access to the more vul- 
nerable deeper tissues only when the skin is 
broken, Moreover, a parasite, once past the 
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Life cycle of ane of the malaria parasites, a protozaon (Class, Sparazaa; Genus, Plasmodium). 


Note the three seporate repraductive stages and the several adaptatians ta different conditions in two 
hasts. In man, the malarial fever flares up whenever swarms af the parasites emerge from ane set af car- 
puscles (which are destroyed) and pass, via the plasma, inta another set af carpuscies. (Fram Buchanan, 


Elements of Biology. Harper and Raw.) 


skin, may be phagocytized by leucocytes, 
either locally at the site of the infection (p. 
334), or in the lymph nodes, which filter the 
lymph as it drains from the infected area 
(p. 335). Or the parasite may be immobilized 
by encasement within a tough-walled cyst, 
which is constructed by the local connective 
tissues in response to the irritating presence 
of the foreign organism. But by far the most 
important defensive adaptation of organisms 
generally is a capacity to produce specific 
antibodies. Each antibody is a specific chem- 
ical compound that is formed by the tissues 
of the host and serves to limit the growth or 
to neutralize the toxins of some particular 
infective agent. 

DISEASE RESISTANCE: ARTIFICIAL DEFENSES. 
Vaccines and antisera are widely used in 
modern medicine to augment the natural 


antibody defenses of man and other animals. 
The vaccine with which an individual is 
inoculated (or vaccinated) always contains a 
specific antigen (p. 320) that stimulates the 
subject to produce the proper antibody. The 
vaccine may be an extract of an infectious 
organism; or the infectious organism itself 
may be used for the inoculation. But in the 
latter case, the infectious organism must first 
be killed or weakened (attenuated), or it 
must be selected from a nonvirulent strain. 
An antiserum, on the other hand, is an 
antibody-rich serum obtained from an ani- 
mal (for example, horse or cow) that pre- 
viously was vaccinated against a particular 
infection. 

Man has developed many other weapons 
to combat the ravages of parasitic organisms 
(see Table 30-1). In addition to natural 
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Table 30-1—Some Infectious Diseases of Man 


Preventive or Curative 
Types of Parasitic Diseases Locus of Infection Treatment 


oe ni rr . 


Bacillus Infections 


PC TAIPUS (LOCK AN: 2c.) cle Brain and spinal cord Antiserum, penicillin 
CSGIG Habeas i ete Gastromtestinal tract Vaccine 
WA SMe eta gees cn.3t eee es Upper respiratory tract; gener- | Antiserum (antitoxin) 
alized in later stages 
SIUC GOR Seer t ae Lungs, bones, etc. Antibiotics 
TENOR IGMEN ae aker gs 6s Intestinal] tract Vaccine 
Whooping cough .......| Trachea and bronchi Vaccine, human antiserum 
Coccus Infections 
Pneumonia (typical) ....{ Lungs; generalized in later | Antibiotics and antiserum 
stages 
Conor Wears ee Urogenital organs, eyes, joints | Penicillin and streptomycin 
Spirochete * Infections 
EErenchy Miowthy 205.010 cees Mouth and throat Various antibiotics 
Sy DU Gamers cess gee Genital organs, blood, and. in | Penicillin and other antibi- 
late stages, other organs ol Otics 


the body 
Prrus Infections 


SMUT DOR © orga 6. on wanes Generalized Vaccine 
PAB SSere e eatco alae eee Salivary glands, mammary Vaccine 
glands, and (sometimes) the 
testes 
WES TESA Ayre 42: ate. be ee Generalized Vaccine 
Reaiestecn ee es Brain Vaccine 
PoWeMiy GlitiSe nt eee a Bram, spinal cord Vaccine 
Pneumonia (atypical) ...} Lungs Vaccine (?) 
ERE a) Rasen ela he Lungs, etc. Vaccine 
Protozoan Infections 
IVER AS oe egos Pane Blood stream Several recently synthesized 
antimalarial compounds 
Amoebicvdysentery: 72... Intestinal tract Combinations ot antibiotics 
Rickettsia + Infections 
Rocky Mountatn spotted; Heart, blood vessels, etc. Vaccme, antiserum 
fexer. 
Epidemic typhus 2. Heart, blood vessels, etc. Vaccine, antiserum 


“The spirochetes are unicellular organisms that appear to be intermediate between bacteria (spirilla) and 


protozoans (flagellates) . 
+ Rickettsia are infective agents that are smaller than typical bacteria but larger than typical viruses. 


drugs, which are mainly plant products, 
there are the artificially synthesized chemo- 
therapeutic agents, such as salvarsan (which 
was used for many years against Treponema 
pallidum, the syphilis parasite), the sulfon- 
amides (which are effective against many 
bacterial infections), and several synthetic 
antimalarial compounds.! Also to be men- 
tioned are the antibiotic compounds, like 
penicillin, streptomycin, and aureomycin, 
which are extracted from certain molds, bac- 
teria, and other fungi. These advances are 
very encouraging, but the problem of find- 
ing a particular compound that is effective 
against a specific parasite is not an easy one. 
Most compounds that are toxic to a parasite 
are also toxic to the cells and tissues of the 
host. If the compound is administered in 
amounts that are adequate to eliminate the 
parasite, the host itself is unable to tolerate 
the dose. In each case, therefore, the essential 
problem is to find a compound that is at the 
same time specifically toxic to the cells of the 
particular parasite and relatively nontoxic 
to the cells of the host (man). 

DisEASE VeEcTors. Various blood-sucking 
creatures frequently serve as transmitters of 
disease, as has been acknowledged since 1893, 
when Theobald Smith first proved that the 
blood-dwelling parasite of Texas cattle fever 
is transmitted from animal to animal by the 
bite of a common tick. Subsequently, as a 
result of many investigations, the importance 
of vector organisms, especially insects, in rela- 
tion to human disease became increasingly 
apparent. Today, in fact, 1t is common knowl- 
edge that various mosquitoes are mainly re- 
sponsible for the spread of malaria, yellow 
fever, dengue, and filaria infections; that the 
tsetse fly transmits African sleeping sickness; 
that lice carry typhus; that fleas spread the 
“black plague’; and finally that ticks are the 
main purveyors of Rocky Mountain spotted 
fever. Moreover, a study of vectors has greatly 
aided man’s fight against disease. Mosquito 

? Antimalarial research during World War II led 


to the discovery of several compounds that have 
proved to be more effective than atabrine. 
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control made it possible to complete the 
Panama Canal, alter a first attempt had been 
abandoned owing to the ravages of yellow 
fever; and more recently, a drive against lice 
enabled the American Army to overcome a 
grave epidemic of typhus in the Naples area, 
during the Italian campaign of World War 
II. Likewise, the development of modern in- 
secticides, such as DDT, has provided a new 
and powerful weapon against the insect- 
borne diseases. 

The Abiotic Environment. Throughout the 
universe living matter has been found only 
on the earth, a relatively small planet in the 
solar system. In fact, no other region has 
been ciscovered where the environment is 
chemically and physically suitable for the 
existence of living things, although probably 
other life-supporting planets do exist through 
the universe (p. 187). Protoplasm is an 
extremely sensitive and unstable form of 
matter. It can exist and perpetuate itself 
only under a very limited set of physical and 
chemical conditions such as have prevailed 
on the earth for many ages. 

The general fitness of the terrestrial envi- 
ronment in relation to living organisms is 
determined by a wide variety of conditions. 
However, only four physical factors, namely 
temperature, light, gravity, and pressure, 
and only one chemical factor—the water sup- 
ply—will be considered in this brief account. 

Temperature. A tremendous variation of 
temperature occurs within the universe— 
from the frigid stillness of interstellar space, 
where the temperature approaches absolute 
zero—to the shattering heat of the sun, where 
the temperature exceeds 10,000,000 degrees 
centigrade. The range of temperature that 1s 
tolerable to living things is very limited, 
however. Few organisms can survive except 
at temperatures between 0° and 50° C; and 
if such temperatures had not prevailed for 
many years over large areas of the earth, life 
as it is today could not have evolved. 

The sensitivity of living things to cold and 
heat derives mainly from the fact that water 
and proteins are main components of living 
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matter. If protoplasm freezes,” the formation 
of ice crystals tends to tsolate the water as a 
phase—and without water, the 
protoplasmic structure disintegrates beyond 
repair. Conversely, if protoplasm continues 
to absorb heat, even though the heat capac- 
ity is high, a point ts finally reached where 
the enzymes and other protein components 
of the cell become denatured, and the proto- 
plasmic structure is destroyed. 

Although living organisms can remain ac- 
tive only when the body temperature keeps 





separate 


within certain limits, many species possess 
adaptations that permit them to inhabit 
regions of unusual heat or cold. This ts 
especially true of homeothermic animals— 
namely the birds and mammals—which pos- 
sess mechanisms for controlling the body 
temperature at a relatively steady level even 
when there are great changes in the environ- 
mental temperature. But even the birds and 
mammals vary widely as to their capacity to 
endure the extremes of cold and heat. Cold- 
adapted species (Figs. 30-8 and 30-9) tend to 
possess specialized integumentary coverings 
(feathers or fur) and thickened layers of sub- 
cutaneous fatty tissuc—which are effective in 
insulating the body against the loss of heat; 
and polar species are apt to maintain a very 
high basal metabolism—which produces heat 
as a by-product (p. 136). Conversely, tropical 
species tend to limit their basal metabolism 
to a minimum, and such organisms usually 
display a well-developed capacity for dissipat- 
ing heat from the bocly surfaces. 
Poikilothermic organisms, in which the 
body temperature changes constantly with 
the surrounding temperature, likewise are 
variously adapted in relation to the tempera- 


2 By the “quick-freezing” technique, which involves 
a very rapid reduction to subfreezing temperatures, 
protoplasm may solidify without the separation of ice 
crystals, and without a disruption of structure. How- 
ever, the conditions for “quick freezing” seldom pre- 
vail in nature, and probably this phenomenon has 
httle evolutionary significance. Also many cells can 
tolerate subfreezing temperatures temporarily, if the 
formation of ice crystals is delayed (as in supercooled 
solutions) by an absence of crystallizing foci, or if 
much of the intracellular water is in “bound” forin. 





Fig. 30-8. Polar bear on an iceberg off Greenland. 
(Courtesy of the American Museum of Natural History, 
New York.) 


ture range of their native habitat. In most 
cases the metabolic enzymes are keyed to 
operate efficiently only within some rather 
restricted range of temperature, which may 
be high or low according to the evolutionary 
experience of the species. In fact, there are 


7 
. 





Fig. 30-9. 


Female fur seals. (Courtesy af the Amer- 
ican Museum af Natural History, New Yark.) 


very few species, at least among poikilo- 
thermic organisms, that have extended their 
range of habitat widely enough to include 
all kinds (tropical, temperate, and frigid) of 
climatic conditions. 

Lastly, some organisms display a capacity 
to become dormant during periods of very 
low or high temperature, and frequently the 
dormant protoplasm is especially adapted for 
enduring adverse conditions. This is espe- 
cially true of seeds, spores, and cysts, which 
sometimes remain alive after they have been 
exposed to subfreezing or near-boiling tem- 
peratures. Usually such a great temperature 
resistance indicates that the protoplasm has 
undergone reorganization. The cells elimi- 
nate part of their normal water content, and 
in a partially dehydrated condition the pro- 
teins are less susceptible to denaturation by 
low and high extremes of temperature. 

Light. Almost all the radiant energy re- 
ceived by the earth comes from the sun, and 
if the sun grew dim, all parts of the world 
would become too cold for the survival of 
any living thing. Light striking the earth is 
transformed mainly into heat, and this main- 
tains the environmental temperature. But a 
small fraction of sunlight provides energy for 
the growth of green plants. And since organic 
compounds synthesized by plants are essen- 
tial for the sustenance of virtually all other 
organisms, the importance of light in the 
general economy of life cannot be overem- 
phasized. 

A competition for light among green plants 
is a primary factor in their struggle for ex- 
istence. Treelike species survive by over- 
shadowing their smaller competitors, al- 
though sometimes a smaller species, by dint 
of numbers, will pre-empt a certain region, 
making it difficult for the seedlings of a larger 
species to gain a foothold. Small annual 
plants may also succeed in growing on the 
floor of very dense deciduous forests, but 
such plants tend to sprout very early in the 
springtime and to produce their seeds before 
the overlying foliage has had a chance to 
blanket them from the sun. Thus, one trend 
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of natural selection among woodland flowers 
has been toward a very quick and abundant 
production of seeds. 

Among animals, light has been a primary 
factor in the development of eyes and other 
photoreceptive organs, which play a para- 
mount role in the acquisition of food, the 
finding of shelter, the avoidance of danger, 
and the fulfillment of the reproductive func- 
tions of the species. Creatures that live en- 
tirely in a dark environment—as in deep 
caves, underground burrows, or in the abys- 
mal depths of the ocean—are usually sight- 
less. ‘This may be due either to a degenera- 
tion (Fig. 30-10) of photoreceptive organs 
that once were possessed by the ancestral 
species, or to a failure of the ancestral spe- 
cies to develop such organs initially—depend- 
ing on the earlier evolutionary background. 

The breeding activities of many birds and 
mammals are initiated in the springtime 











Model of a blind cave-dwelling salaman- 
der, taken from the Ozark Mauntains (see text). (Cour- 
tesy of the Americon Museum of Natural History, New 
York.) 


Fig. 30-10. 
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when the days grow steadily longer. Carefully 
controlled experiments have proved that the 
stimulus for this ripening of the eggs and 
sperm often originates from the increased 
time of exposure to light rather than from 
an increase in the total amount of light re- 
ceived. This fact, indeed, has been used by 
modern hatcheries, which force the brood 
hens to lay prematurely, using artificial lights 
to duplicate the approach of spring. Also 
many plants display a similar photoperio- 
dicity, putting forth buds, flowers, and fruits 
on a schedule that is determined mainly by 
the waxing or waning of the daylight in the 
different seasons of the year (p. 265). How- 
ever, other plants are more sensitive to the 
thermoperioclic fluctuations of their environ- 
ment. 

Gravity. The gravitational force of the earth 
has remained quite constant for eras, but the 
magnitude of this force has influenced the 
evolution of all organisms. In fact, if the 
earth had been a significantly larger or 
smaller planet (such that the force of gravity 
were correspondingly greater or lesser) the 
end results of evolution would necessarily 
have been quite modified. 

Aguatic plants and animals are buoyed up 
by the surrounding water and thus are pro- 
tected from the full impact of gravity. Conse- 
quently the supporting structures of aquatic 
organisms, compared to terrestrial forms, 
are not subjected to so great a strain. Some 
seaweeds, for example, are able to grow four 
or five hundred feet up from the ocean floor, 
despite the fact that these algae lack any 
specialized strengthening tissues such as are 
present in the higher plants. Among terres- 
trial plants mainly those that have evolved a 
capacity to deposit strong annual rings of 
xylem tissues are able to achieve a very tall 
treelike form. 

Many aquatic animals possess skeletal ma- 
terials that are relatively light and weak, 
such as the cartilage of the elasmobranchs 
(p. 669) and the delicate porous bones of 
many fish. But land animals require a heavier 
skeleton to sustain their fleshy bulk, and this 


imposes a definite restriction upon their 
growth. In fact, the unwieldy skeletal weight 
of some dinosaurs is known to have been a 
handicap that partly accounted for their ex- 
tinction. 

Pressure. Land organisms do not often ex- 
perience great changes in the pressure of 
their surroundings. At sea level the pressure 
is only about 15 pounds per square inch (one 
atmosphere), and even at the highest alti- 
tudes where living things are found, the 
pressure seldom drops to less than half an 
atmosphere. But many marine species live at 
oceanic depths of more than three miles, 
where the pressure exceeds 8000 pounds per 
square inch. Here pressure introduces a num- 
ber of interesting ecological problems. 

Most deep-sea forms, if they are suddenly 
brought to the surface, cannot survive the 
change. Fish with swim bladders are particu- 
larly vulnerable in this respect, although 
most truly deep-sea forms do not have swim 
bladders. Nevertheless some fish, living at 
moderate depths, are literally torn apart, so 
great is the expansion of the gas in the blad- 
der when the surrounding pressure is re- 
duced. But even if the swim bladder is lack- 
ing, the fish or other deep-sea form is apt to 
die as a result of decompression; and con- 
versely, surface forms do not usually survive 
when exposed to deep-sea pressures. 

An animal may be protected partly from 
the effects of decompression if it is cooled as 
the pressure is reduced. Thus deep-sea forms 
may remain alive and active at sea-level pres- 
sure if the water 1n the aquarium is cooled 
nearly to the freezing point. Low pressure, 
apparently, 1s counteracted by low tempera- 
ture, and such an antagonistic action be- 
tween pressure and temperature has been 
demonstrated in many experiments. Gener- 
ally speaking, the metabolic reactions of an 
organism are equally sensitive to both pres- 
sure and temperature, and increasing tem- 
perature shifts the metabolic equilibria oppo- 
sitely to increasing pressure. Moreover, the 
metabolic reactions of deep-sea and surface 
forms are keyed to different combinations of 


temperature and pressure. Consequently such 
animals cannot usually exchange environ- 
ments without suffering drastic derange- 
ments in their metabolism. 

Man represents an exception to the rule 
that land organisms do not encounter signif- 
icant changes in the environmental pressure. 
Deep-sea divers and workers in pressure cais- 
sons May experience sudden compressions 
and decompressions amounting to several at- 
mospheres, and a modern aviator may gain or 
lose altitude so fast that the pressure change 
becomes a matter of importance. 

The pressure sustained by a caisson worker 
is usually not greater than five or six atmos- 
pheres, a pressure that is not sufficient to 
produce any direct effect upon metabolism. 
But decompression may have serious indirect 
effects, unless the pressure is reduced very 
slowly in carefully graduated steps. This pre- 
caution is necessary to prevent the formation 
of gas bubbles in the blood stream. In a 
caisson, the pressure is transmitted to the 
body through the surrounding air—rather 
than through water, as in aquatic organisms. 
In the caisson, therefore, the high pressure 
tends to drive excesses of air into solution 
in the blood and other fluids of the body. 
During decompression, this gas begins to 
come out of solution—slowly and without 
the formation of bubbles, if the decompres- 
sion 1s slow. But if the decompression is rapid, 
gas bubbles are formed in the blood, and 
these bubbles may choke off circulation in 
the arterioles and other smaller vessels of the 
blood system—which accounts for the serious 
symptoms of caisson sickness. 

Even at atmospheric pressure fairly large 
quantities of the atmospheric gases are pres- 
ent in the blood, but ordinarily these gases 
remain in solution. An ordinary climb to 
high altitude, for example, is slow enough 
to permit a gradual escape of blood gases as 
the atmospheric pressure falls. A modern 
pilot, however, may climb at a rate approxi- 
mating a mile a minute. Under such condi- 
tions aeroembolisms are sometimes encoun- 
tered, and a study of the process of aero- 
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embolism has become a matter of practical 
importance in aviation medicine. 

Water. No organism can live and grow 
without water, since water is a main com- 
ponent of all protoplasm. Also it is plain 
that aquatic organisms can absorb water di- 
rectly from their surroundings. But most 
land-dwelling species are constantly losing 
water to the atmosphere, and such species 
have developed many adaptations for con- 
serving and augmenting their water re- 
sources. 

Land-dwelling animals display a wide va- 
riety of integumental coverings that serve 
to minimize the loss of water vapor from ex- 
posed body surfaces. Thus the skin of terres- 
trial vertebrates—whether naked or clothed 
by scales, feathers, or hair—provides an effec- 
tive barrier against evaporative losses from 
the tissues and body fluids; and the same is 
true of the chitinous integuments of insects, 
arachnids, and other land-dwelling arthro- 
pods. In land animals, also, the respiratory 
organs (for example, the lungs of vertebrates 
and the tracheae of insects) are deeply re- 
cessed within the body, so that the loss of 
water vapor from the respiratory surfaces is 
reduced as much as possible. And finally, the 
excretory organs of typical land animals (for 
example, the kidneys of man) are able to cur- 
tail the excretion of water whenever a dearth 
of water begins to threaten the welfare of the 
animal (p. 375). 

Terrestrial plants likewise display many 
adaptations that are related to the water 
supply of the environment. For example, 
desert plants (xerophytes) are apt to have 
very deep and extensive roots; and the root 
sap of such plants tends to be very hyper- 
tonic, which facilitates the absorption of 
every possible vestige of water from the soil. 
Moreover, the stem and leaves of many xero- 
phytes are characteristically modified. Gen- 
erally, the exposed surface area of a desert 
plant is sharply reduced; the epidermis is 
thick, shiny, and heavily cutinized; and the 
stomata are sparse and deeply sunk below the 
epidermal surface. In extreme xerophytes 
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Fig. 30-11. 


(for example, certain cacti) the leaves are re- 
duced to mere spiny structures (Fig. 30-11), 
and the compact fleshy stem takes over the 
photosynthetic functions of the leaves. Other 
xerophytes, however, possess thick fleshy 
leaves in which large reserves of water may 
be accumulated. 

The mesophytes are plants adapted to con- 
ditions of moderate moisture. This group 
includes a number of very quick-growing 
annual plants that can extend their range 
into desert regions if a small amount of rain- 
failloccurs each season; For a few weeks each 
year such deserts may display a rich variety 
of bright-colored flowers, which mature their 
seeds very quickly. Then when the drought 
sets in again, the sceds lie dormant until the 
next rainy period begins. However, there is 
an exceedingly wide variety of mesophytes, 
which, in fact, include a majority of familiar 
plants in temperate regions. 

The hydrophytes include all higher plants 
that live in regions where there is an over- 
abundance of water, and hydrophytes are 
variously adapted to different local condi- 
tions. Some species, like Elodea, live entirely 
under water, in which case the leaves, stems, 


This cactus is one of the extreme xerophytes (see text). (Courtesy of 
C. J. Alexopaulas.) 


and roots display a relatively simple struc- 
ture. In Elodca, for example, the roots are 
scarcely more complex than holdfasts (p. 
290). ane, the: -sten’ cand leat cells: absorb 
water directly from the surroundings. More- 
over, the vascular and strengthening tissues, 
especially of the xylem, are almost lacking 
in the Elodea, and since all the cells possess 
chloroplasts, there is no differentiaton be- 
tween the epidermis and chlorenchyma. 
Other hydrophytes (for example, certain 
water lilies) have underwater roots and stems, 
but the leaves and flowers are exposed to the 
atmosphere. In such cases, usually, only the 
aquatic parts are simplified. And finally, in 
swamp-dwelling hydrophytes, only the roots 
may be submerged. Such roots are not apt to 
be highly modified, except that aerial 
branches, called pneumatophores (Fig. 30- 
2), are characteristic, especially in the case 
of large-deep-rooted swamp trees. Probably 
the pneumatophores fulfill a respiratory func- 
tion, being designed to transmit air down- 
ward through porous channels to the deeper 
parts of the root system 
tion, since 





an important func- 


oxygen diffuses very slowly 
through a swampy soil. 
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Fig. 30-12. 


ECOLOGICAL SYSTEMS (ECOSYSTEMS) 


The ecosystem concept, so named in 1935 
by A. G. Tansley, has greatly aided the 
thinking and researches of modern ecologists. 
The term designates some particular and 
characteristic section of the environment that 
is more or less isolated from other sections; 
but an ecosystem includes also the sum total 
of interactions among the species inhabiting 
the region and al] interactions between the 
species and their abiotic surroundings. A 
balanced aquarium would be a somewhat 
artificial and exceedingly miniature exam- 
ple of an ecosystem. Aside from the fact that 
the aquarium receives light from the outside 
world, it is virtually a self-sufficient system, 
which exchanges very httle material, either 
biotic or abiotic, with surrounding environ- 
mental areas. 

In nature, of course, there are no perfect 
ecosystems, completely self-sufficient and 
totally isolated from surrounding systems. 
However, there are a number of fairly good 
approximations. Some good examples are to 
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Pneumatophores of the bald cypress; adaptations to a swampy 
habitat (see text). (Phato by C. F. Hottes.) 


be found in ponds or lakes, and in the cen- 
tral parts of forests, grasslands, salt marshes, 
and deserts. On the Iringes of any such area 
there are transitional zones, where the par- 
ticular ecosystem is overlapped by one or 
more surrounding systems. But disregarding 
the fringe areas, the ecologist can analyze 
the main features of the economy of the sys- 
tem and can reach an understanding of how 
the plant and animal species of the commu- 
nity are sustained. 

Analysis of any ecosystem reveals that there 
is a rough sort of balance in the economy of 
the community. This balance results from 
interactions among four principal compo- 
nents: (1) an abiotic base, which represents 
the total fund of light and of nutritive sub- 
stances, provices for the growth of the green 
plants and other autotrophic organisms; (2) 
a community of producers, mainly green 
plants, provides for the primary synthesis of 
organic foods; (3) a community of consumers, 
mainly animals, lives upon the available fund 
of organic food; (4) a community of decom- 
posers, mainly bacteria and other fungi, de- 
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grades accumulations of organic matter, re- century or two, because an invasion of rooted 
stortng the abiotic base of inorganic nu- plants (cattails, water lilies, etc.) will gradu- 
trients. In short, each ecosystem represents a_ ally tend to fill the pond, converting tt to 
microcosm, governed by the same inexorable marshland and finally to “terra firma.” But 
laws that determine the economy of life upon while the pond endures, interactions within 
our terrestrial planet as a whole (Chap. 10). the communities of inhabitants can be ana- 
A pond (Fig. 30-13) will serve to exemplify lyzed with some precision. 
the economy of a smal! but definitive eco- The abiotic base tn a small pond ecosys- 
system. Such a system may endure for only a tem is provided partly by the nitrates, phos- 
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Fig. 30-13. Ecosystem of a small pond. The system operates upon solar energy ond the producers are a com- 
munity of green plants of which the free-floating phytoplankton is of greatest importance. Abiotic base 
material, for supporting the producers, is provided by the water, salts, and carbon dioxide of the pond 
and by the organic detritus that sediments to the bottom. Primary consumers are small crustaceans and 
other herbivores that feed directly upon the producers; the secondary and tertiary consumers, respectively, 
are the smaller and larger carnivorous species. The decomposers, which prevent an unduly large accumula- 
tion of organic matter, are constituted by the community of fungi—bacteria and molds—that mainly inhabit 


the bottom sediment. (After E. P. Odum.) 


phates, and other inorganic components of 
the pond water and partly by the organic 
detritus that settles to the bottom. Here it is 
utilized by bacteria and other fungi, which 
are the decomposers; and, of course, energy 
for the support of the system comes from the 
sun. The producers are partly the higher 
plants, cattails, water lilies, etc., which grow 
along the edges of the pond, but mainly they 
are the phytoplankton—various unicellular 
and minute colonial algae that float near the 
surface in easy access to the light. Then come 
the consumers: primary, secondary, and ter- 
tiary. Primary consumers are represented 
mainly by the zooplankton. These various 
protozoans and semimicroscopic crustaceans, 
such as Daphnia, feed directly upon the 
phytoplankton, although some larger forms, 
such as tadpoles, may nibble at the Jarger 
plants along the margins of the pond. The 
secondary consumers—larger arthropods, par- 
ticularly water beetles—feed upon the zoo- 
plankton; and finally the largest animals— 
fish, frogs, etc.—serve as tertiary consumers, 
which prey upon the secondaries. Mean- 
while, organic detritus (excreta, remnants of 
dead organisms, etc.) keeps silting to the 
bottom of the pond. Here it may be eaten by 
scavengers, such as insect larvae. But mainly 
the organic matter is returned to inorganic 
form by action of bacteria and other decom- 
posers. Thus each of the various species has 
its niche in any system. Each plays some 
unique and essential role in the complex 
business that maintains the economy of the 
whole community. 

Imbalance in an Ecosystem. Sometimes the 
delicate balance that supports the economy 
of an ecosystem may be disturbed by some 
enterprise of man. A case in point is that of 
the Long Island duck farms bordering the 
shores of Great South Bay. This has been 
studied carefully by several ecologists, in- 
cluding particularly John Ryther of the 
Woods Hole Oceanographic Institution. 

Shortly after a group of large duck farms 
was established along the estuaries at the east 
end of Great South Bay, the oyster beds, 
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which for years had provided a valuable an- 
nual crop of blue point oysters, began to fail. 
Analysis showed that there had been a pro- 
found change in phytoplankton of the bay 
and that the substituted producers in this 
ecosystem cdlid not provide a suitable food for 
oysters. The oysters were literally starving 
to death, despite the fact that they fed amply 
on the newly flourishing phytoflagellates 
(mainly Nannochloris and Stichococcus). Ap- 
parently the enrichment of the bay water 
by the organic excreta from the many birds 
had favored the growth of a new flora of 
phytoflagellates to the exclusion of the old 
(mainly other phytoflagellates, dinoflagel- 
lates, and diatoms). Further experiments 
showed that the substituted phytoplankton 
could utilize the organic forms of nitrogen, 
whereas the original flora required nitrates. 
Thus, even though the total productivity of 
the bay water had been greatly increased, a 
shift in the species composition of the pro- 
ducer part of the community had spelled 
death to the oysters (and certain other shell- 
fish). 

Ecological Succession. The community 
composition of most ecosystems is not static, 
although sometimes a very stable balance 
exists such thet changes in community struc- 
ture are exceedingly slow. Frequently, how- 
ever, an orderly succession of communities 
can be observed and predicted. Such a suc- 
cession, called a sere, may pass through early 
(pioneering) seral stages, before reaching a 
comparatively stable stage, which is called a 
climax. 

A typical seral succession, observed after 
the abandonment of a large area of cotton 
farm land in the Piedmont section of the 
southern United States, is shown in Figure 
30-14. The easiest and most accurate observa- 
tions on ecological] successions, of course, are 
those that deal with plant communities. 
Census taking among animal populations is 
sometimes very difficult, because many ant- 
mals tend to flee and hide from man. It must 
be remembered, however, that each time a 
change occurs in the plant part of a commu- 
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region of the United States. ‘After E. P. Odum.) 


nity an adjustment must be made in the other 
parts. Thus the animal species fluctuate along 
wit the plats Indeed; sirhastheen aptly 
suid that when an ecologist enters a field or 
forest he sees not only what is there but also 
what will be there in coming generations. 


ECOLOGY AND EVOLUTION 


In summary, plants and animals display a 
tremendous variety of adaptation to almost 
every kindof environment, [ne natural rate 
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of reproduction gives rise to many more or- 
ganisms than can survive and creates a pres- 
sure for organisms to spread into new en- 
vironments. Environmental conditions in the 
different regions of the earth do not directly 
determine adaptations, but the indirect in- 
fluence of the environment—through the 
agency of natural selection— has been de- 
cisive in shaping the evolution of the species 
toward fitness, each to occupy some particu- 
lar niche mm the ecosystem of one or another 
of the many available types. 


TEST QUESTIONS 


I, Distinguish between the biotic and abiotic 
factors of the environment, citing a specific 
example in each case. 


ro 


Cite three exumples to illustrate the observa- 
tion that changes in the population of one 
species may bring about changes in the popu- 
tion of neighboring species. 

3. Explain the stitement that animal popula- 
tions In a given region tend to display a 
“pyramidal” distribution. Cite two examples. 

4. Cite examples to show how the prevalence 


of insects has influenced the evolution of 
other species. 

5. Give two examples of each of the following: 
(a) offensive adaptations; (b) defensive adap- 
tations, (c) protective coloration; (d) protec- 
tive mimicry. 

6. Specify two adaptations commonly encoun- 
tered umong parasitic species. Discuss. 

7. What ts an infectious disease? Specify ten 
such diseases. In each case, give the causative 


agent and the best curative method (if any). 


8. Differentiate between: (a) a vaccine and an 
antiserum; (b) an antigen and an antibody; 
(c) antibiotics and other chemotherapeutic 
agents. 

9. Specify three different disease vectors. Ex- 
plain the relation between a disease vector 
and an intermediary host. 

10. Discuss how each of the following has been 


FURTHER 


i. Fundamentals of Ecology, by E. P. Odum; 
Philadelphia, 1959. 

2. Elements of Ecology, by G. L. Clarke; New 
York, 1954. 
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important as a factor in natural selection: 
(a) temperature; (b) light; (c) gravity; (d) 
pressure; (e) the water supply. 


1]. What are xerophytes, mesophytes, and hydro- 
phytes: In each case specify some of the dis- 
tinctive adaptations. 

]2. What is an ecosystem? Discuss the economy 
of any one. 

READINGS 


3. Principles of Animal Ecology, by W. C. Allee 
and others; Philadelphia, 1949. 
4. Ecology, by BP. Odum; New york, 1905: 


3 leThe Plant K ingdom 


ONE OF THE first attempts to classify all 
known organisms was made by the great 
Swedish biologist, Carolus Linnaeus; and by 
the time of his death in 1778, Linnaeus was 
able to describe almost 10,000 species. Since 
then, however, the number of known organ- 
isms has increased enormously. ‘Today, in 
almost 900,000 400,000 
plants are recognized: “No@one person, ok 
course, can ever hope to learn about all these 
species. But one person can succeed tn mak- 
ing a broad survey of the field and can readily 
learn how to recognize the principal types 
of plants and animals, 


fact animals and 


The aim of modern taxonomy is to classify 
organisms according to their evolutionary 
relationships; but this represents an exceed- 
ingly difficult task. The fossil record (paleon- 
tology) provides considerable data, though 
many of the pages and even whole chapters of 
this record are incomplete and other parts 
have been badly scarred by time. Often it 1s 
necessary to judge relationships on the basis 
of indireet evidence, derived from a study 
of the comparative morphology, physiology, 
embryology, and biochemistry of the organ- 
ism in question. Consequently, it is not sur- 
prising to find that biologists may disagree 


DOS 


on certain questions and that classification 
may keep changing as more evidence accu- 
mulates. 


THE PLANT AND ANIMAL KINGDOMS 


There are many similarities between plants 
and animals and these bear witness to a 
fundamental kinship. In fact, all basic studies 
on metabolism, growth, responsiveness, re- 
production, heredity, and so forth, in plants 
and animals generally, tend to show this 
fundamental kinship. Also many similarities 
of cellular structure are revealed by miucro- 
scopie studies. Alin all, the evidence: 1indt- 
cates that plants and animals both originated 
from a common ancient ancestral stock 
(Chap. 10). Consequently it 1s not surprising 
to find that no single criterion, by itself, can 
be usect to make a sharp distinetion between 
the plant and animal species. 

Typically, of course, plants are green and 
display the holophytic type of nutrition. But 
there are many exceptions to this rule (Chap. 
10). Generally, plant cells possess a cellulose 
wall, but this is lacking in some lower forms 
(for example, Euglena); and cellulose is pos- 
sessed by the cells of one animal group, the 


Tunicata (p. 665). Although most plants 
display no locomotion, quite a few of the 
lower forms are motile. The symmetry of 
most animals is bilateral (p. 624). But many 
like typical plants, are radially symmetrical. 
Generally plants can keep on growing, 
whereas animals stop growing when a certain 
sive is achieved. But again this is not always 
true. In short, the only basis for placing an 
organism In a certain category 1s to consider 
all available evidence bearing on its origin, 
morphology, and physiology in an effort to 
establish its true and natural relationships. 
At one time quite a number of animals, espe- 
ciilly certain Coelenterata (p. 630), which 
have a planthke form, were placed 1n the 
Plant Kingdom. In fact, the true position of 
the Coelenterata was determined only later, 
when they had been studied much more 
carefully. 

Taxonomic Categories. As is shown in 
Appendix I, modern taxonomy subdivides 
each kingdom into major and minor cate- 
gories. These, in descending order of mag- 
nitude, are called the Phylum, the Class, 
the Order, the Family, and finally the Genus 
and Species. However, various additional 
subdivisions may also be employed. 

Each individual kind of organism is 1den- 
tified by a double name. This binomial sys- 
tem, which was introduced mainly by Lin- 
naeus, specifies the genus and species of this 
organism. The name, Homo sapiens, for ex- 
ample, indicates that we humans belong to 
a small recently evolved group of manlike 
creatures, the genus Homo. Also it shows 
that we represent only one kind, the species 
sapiens, which is slightly but definitely dif- 
ferent from Homo. neanderthalensis, or 
Homo soloensis—manlike creatures that be- 
came extinct just before the dawn of the re- 
cent epoch. Or the name Acer saccharum, 
which designates the sugar maple, shows that 
this plant has maplelike leaves, flowers, fruits, 
etc., which identify it as a member of a small 
group, the genus Acer. But also the name 
shows that this plant is of a particular kind 
(the species saccharum), from which maple 
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sugar is derived. Ordinarily, interbreeding 
can occur only within the limits of one spe- 
cies; but sometimes it also can occur between 
two different species—if these are related very 
closely. 

In any brief account, the larger categories 
of the taxonomic system cannot he defined 
very accurately. Suffice it to say that each 
phylum represents a major subdivision in 
the plant or animal kingdom. Presumably 
the members of a phylum originated from 
the same ancestral stock, very early in the 
course of evolution. Each phylum, m turn, 
is subdivided into classes; the classes into 
orders; the orders into families; and the 
families into genera; each genus being com- 
posed usually of several species. Also there 
are other categories, such as subkingdom, 
subphylum, subclass, etc., especially in groups 
containing a great diversity of forms. 

Some Important Questions. Although the 
main purpose of this survey of the Plant 
Kingdom is to provide for a recognition of 
the major groups of plants, a number of 
other important questions will keep cropping 
up. What is the structural organization of 
the group? Is it unicellular, colonial, or truly 
multicellular? How far has the differentia- 
tion of special tissues progressed? How about 
the vascular tissues that are so essential to 
the life of land species? How did the higher 
plants manage to leave the water, which was 
the age-old environment of the primitive 
species ever since the beginnings of life? 
What is the pattern of the reproductive 
structures and processes, and how does this 
pattern help one to determine the evolu- 
tionary relationships of a certain group or 
to understand how reproduction became 
adapted to land conditions? What fossil evi- 
dence is available, and how does this bear 
upon questions of antiquity and relation- 
ship? What is the 1mportance of the group 
in nature and in human affairs? Does it con- 
tribute significantly to the supplies of food, 
construction materials, clothing, drugs, etc.r 
Is it important in relation to soil fertility, 
water pollution, or disease? These and many 
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other questions will frequently arise and to 
some extent they will be answered. 


OUTLINE OF THE PLANT KINGDOM 


The following outline gives the names of 
the principal plant groups, with scarcely any 
mention of their distinctive features. Such a 
bare map is designed to provide an orienta- 
tion throughout the subsequent survey. ‘The 


KincpomM PLANTAE (The Plants) 


names, mainly of Greek origin, are difficult, 
of course. However, they can be mastered 
with practice, especially by students who look 
up the derivations. 


THE SUBKINGDOM THALLOPHYTA 


The Cyanophyta (Blue-green Algae). Sev- 
eral genera of these algae are shown in Fig- 
ure 31-]. Probably the blue-green algae are 


Subkingdom I: The THattopuyta (Thallophytes)—Primitive plants. Mainly aquatic; do 
not have any embryo stage in development. 


Phylum J—The 


CyaNOpHyTA (Cyanophytes)\—Blue-green algae 


Phylum 2—The Evcrenopnyta (Euglénophytes)—Euglena-like algae 


Phylum 


3—The Cnroropuyta (Chl6rophytes)—Green algae 


Phylum 4—The Curvysopnyta (Chrysophytes)—Golden-brown algae (diatoms) 
Phylum 5—The Pyrropnyta (Pyrrophytes)—Flame algae 

Phylum 6—The Puaropnyta (Phacophytes)—Brown algae 

Phylum 7—-The Ruopopnyta (Rhdéodophytes)—Red algae 

Phylum 8—The Scuizomycopnuyta (Schizomycophytes)—Bacteria 

Phylum 9—The Myxomyco6ruyta (Myxomycophytes)-—Slime molds 

Phylum 10—The Etmycornyta (Eumycophytes)—True, or higher fungi 


Subkingdom II: The Emsryépuyta. (Embryophytes)—Mainly terrestrial plants, more highly 
developed, possessing an embryo stage, in the diploid generation. 
Phylum 1]—The Bryopuyta (Bryophytes)—Afosses and liverworts: most primitive of 


land plants. 


Phylum ]2—The Tricneopnyta (Tracheophytes)—Less primitive land plants. Possess 
vascular tissues (xylem and phloem). 
Subphylum ]—The Psit6psipa—Ancient group of land plants, now almost extinct; vas- 
cular tissues weakly developed; with no roots and virtually no leaves. 





Subphylum 2—The Lycopsipa 


Club mosses, sptke mosses, and quillworts. Dominant 


group in the Carboniferous period; now diminished to a relatively few 
species; has roots, leaves, and simple vascular tissues; displays first be- 


ginnings ol heterospory. 


Subphylum 3—The SpPHENOpPsiDA—Scourtng rushes. Another almost extinct group; had 
zenith in Carboniferous period; has roots, leaves, and vascular tissues, 
but relatively weak adaptation to land conditions. 

Subphylum 4—The PTEeropsipA—I]Vell-adapted land plants, dominant today; with com- 
plex conducting tissues, extensive roots, and large conspicuous leaves. 


Class ]1—The FiLicinEAE—Ferns 


Class 2—The GyMN6sPERMAE (Gymnosperms)—Pines, spruces, cycads, and other 
conc-beartng, seed-producing plants 
Class 3—-The ANGIO6sPERMAE (Angiosperms)—Flower-bearing, seed-producing plants 
Subclass ]—The M6Noc6TYLEDONEAE (Md6nocotylédons)—The embryo has only 
one cotyledon (embryonic storage leaf). 
Subclass 2—The DicoTyLEpoNneaE (Dicotylédons)—Embryo with two cotyledons 


MATRIX 


Fig. 31-1. 
cells. None of the blue-greens reproduces sexually. 


the most ancient and primitive of all green 
plants. Most of the 2000 or so known species 
display a bluish-green color, owing to the 
presence of a blue pigment, phycocyanin, 
which is mixed with the chlorophyll. How- 
ever, red and yellow pigments are also found 
in the cytoplasm, and some of the species 
are reddish and a few are brown-green. Many 
cyanophytes live in fresh waters. In reser- 
voirs and lakes, they sometimes pollute the 
water seriously by their great abundance. 
Also there is a large number of marine spe- 
cles. Occasionally a red species, prevalent in 
the Red Sea, flourishes in such numbers that 
the water actually becomes colored. A few 
blue-greens live on damp soil, in moist shady 
spots; or on the damp outer surfaces of 
flowerpots in humid greenhouses. 

The primitive status of the blue-green 
algae is indicated by the fact that none of 
them is multicellular. Many are of solitary, 
unicellular habit, but others form colonial 
ageregates, such as are shown in Figure 31-1. 
Frequently the cells of the colony are pro- 
tected by one or more gelatinous coverings 
of pectinous material. The colonies may be 
threadlike (filamentous), or they may be 
more or less ball-like (Fig. 31-1). 

Another primitive feature of the cyano- 
phytes is their extremely simple cell struc- 
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Some blue-green algae (Cyanophyta). Note the absence of nuclei and chloroplasts in the primitive 


ture. Definite nuclei have not been devel- 
oped in the cells. The granules of nuclear 
material (chromidia) are not’ enclosed 
within a nuclear membrane. They tend to be 
scattered more or less evenly throughout the 
cytoplasm (Fig. 31-1). However, in some spe- 
cies (Fig. 2-3), the chromidia] granules may 
be aggregated toward the center of the cell— 
a sort of transitional stage in the evolution 
of true nuclei. Moreover, the cells lack chlo- 
roplasts. The chlorophyll and other pigments 
appear to be dissolved, or at least very finely 
distributed, throughout all parts of the 
cytoplasm. 

Further evidence as to the primitive status 
of the cyanophytes is that sexual reproduc- 
tion has never been found in any of the 
species. Apparently this group of plants 
branched off and took an independent line 
of evolution at a very early date—before 
sexual reproduction had been evolved by the 
ancient ancestral organisms (see Fig. 29-11). 

The great antiquity of the Cyanophyta is 
further shown by the paleontological record. 
Some representatives of the blue-green algae 
are found in the very oldest of fossil-bearing 
strata, formed during the Proterozoic era 
(p. 565). Among all the many fossils lormed 
by green plants in past ages, those of the 
cyanophytes are by far the oldest. 
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The Euglenophytes (Euglenoids). Euglena 
(Fig. 10-4) may be chosen to represent this 
relatively small group of unicellular organ- 
isms, Which are partly plantlike and partly 
animallike in their characteristics. 

Most of the 250 or so species, like Euglena, 
possess definite chloroplasts. The Eugleno- 
phyta, therefore, can carry on photosynthesis 
and grow in the manner of green plants 
generally. But unlike typical plants, the 
euglenoids do not possess rigid cellulose 
walls. In fact, the surface covering is very 
flexible and many forms display active eugle- 
noid moyement (p. 196) by which the cells 
may change shape quite drastically. More- 
over, euglenophytcs have other animallike 
features. Active locomotion is achieved by 
means of flagella, which usually number one 
or two; and there is always a gullet, which 
serves for the ingestion of solid nutrients in 
some species, but not in others. The main 
storage product of reserve organic food is 
not starch, as in most plants, or glycogen, as 
in most animals, but an intermediate type 
of polysaccharide, namely paramylum. A 
definite nucleus, delimited by a membrane, 
is typical of the group; but no sexual repro- 
duction is found, except in one genus. The 
usual habitat is fresh water, especially in 
shallow ponds and lakes containing rich ac- 
cumulations of organic debris. Many of the 
species, like Euglena, can carry on a sapro- 
phytic kind of nutrition, which supplements 
their growth (p. 178). 

Obviously the classification of the Eugleno- 
phyta presents a difficult problem; and vir- 
tually no fossil remnants are available to 
help in the solution of this problem. Perhaps 
the most logical viewpoint is to think of 
them as an offshoot from a very early stock— 
the stock that later gave rise to the sepa- 
rately evolving plants and animals. The 
cellular structure, on the other hand, is dis- 
tinctly less primitive than that of the Cyano- 
phyta. In any event, the Euglenophyta are 
often classthed as a phylum in the Plant 
Kingdom, even though the basis for this 
classification is rather arbitrary. 


The Chlorophytes (Green Algae). This 
fairly large group consists of some 6000 
species, which vary widely as to form and 
habit. Many, ike Chlamydomonas (Fig. 31- 
Dy are woucelluiar and motile; others, like 
the Desmids (Fig. 31-2), are unicellular, but 
nonmotile; others, like Ulothrix (Fig. 31-2), 
Spirogyra (Fig. 3-17), and Volvox (Fig. 3-19), 
form a variety of colonial aggregates; while 
a few. dike the: sea detimice. Ulya (lig. 3 1-2), 
take the form of very simple multicellular or- 
ganisms, Most of the species live in shallow 
fresh or salt waters, although a few grow on 
damp soil, or even on snow. 

Among the green algae the reproductive 
processes are of great interest because they 
show how sexual reproduction probably orig- 
inated. Except for a few forms in which no 
sexual processes have been found, all the 
chlorophytes reproduce both sexually and 
asexiiaily.. Usually, however, there 15 110t ‘a 
very regular alternation of sexual and asex- 
ual generations, as is the rule among higher 
plants. 

In the sexual phase of the life cycle, the 
green algae show a series of gradations 
which culminates in the production of true 
eggs-—which are large nonmotile female 
gametes—ancd true sperm—which are small 
highly motile male gametes. In Ulothrix 
(Fig. 31-2), for example, the fusiie. canietes 
are isogametes, both of the same size and 
form, and both motile; in Pandorina and 
Eudorina (Fig. 3-19), the heterogametes, 
while still motile, show a progressive differ- 
ence in size; and finally in Volvox (Fig. 3- 
19), the female gamete is a typical large non- 
motile egg cell and the male gamete is a 
small motile sperm cell, as in most higher 
plant (and animal) groups. 

Although the fossil evidence is scant, the 
modern chlorophytes are presumed to rep- 
resent an offshoot Irom the ancient stock 
that gave rise to the higher plants (see Fig. 
29-11). The cell structure is generally typical. 
Each cell is covered by a rigid cellulose wall 
and typically there are definéte nuclei and 
well-defined chloroplasts. Also the pigments 






CHLAMYDOMONAS 


Fig. 31-2. Some green algae (Chlo- 
rophyta). Note the varied form, 
which may be unicellular, colanial, 
or multicellular. Also notice the 
nuclei and chlaroplasts in the cells. 
Mast green algae reproduce both 
sexuolly and asexuolly. 


ULOTHRIX 


(chlorophyll a and b, carotene, and xantho- 
phyll) are similar in the green algae and 
higher plants; and true starch is usually the 
intracellular storage product. 

The evolutionary status of the Chloro- 
phyta is still quite primitive, however. Only 
a few of the species can be regarded as multi- 
cellular organisms. That is to say, most of 
the species are either unicellular or merely 
colonial. And even the multicellular forms 
display a very limited differentiation of spe- 
cialtzed cells and virtually no differentiation 
of tissues. In the sea lettuce (Fig. 31-2), for 
example, each large leaflike lobe of the thal- 
lus, which resembles a piece of crinkled, 
green waxed paper, consists of only two layers 
of cells, all more or less alike; and the hold- 
fast (and stalk) consists mainly of elongate 
colorless cells arranged in the form of twisted 
strands. And finally, a relationship between 
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Jougues Vadauer, 56 
the unicellular and the colonial species is 
clearly revealed by a study of the life cycle 
in forms such as Ulothrix. Most of the time 
this plant takes the form of a nonmotile 
filamentous colony. But at the time of re- 
production, when the zoospores are produced, 
it reverts to a unicellular motile status, pend- 
ing the formation of a new colony (Fig. 31-2). 

The Chrysophytes (Golden-brown Algae). 
The most important and widely known 
members of this group are the diatoms (Fig. 
31-3). Most of the species are unicellular and 
nonflagellated, although a few do have fla- 
gella, and a few are colonial. Most of the 
species reproduce both sexually and asexu- 
ally; and generally the sexua] reproduction 
is isogamous. 

Diatoms display several unigue features. 
The cell wall is glassy and brittle, owing to 
a high content of silicate. Also the cell wall 
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Fig. 31-3. 


the finely etched, glassy cell wall and the overlapping halves af the 
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One af the galden-brown algae (Chrysophyta), the diatom, Pinnularia. Note 
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“capsule.’’ These 


features are camman ta all diatoms. (From The Plant Warld, by Fuller and Carothers. 


Holt, Rinehart and Winston, Inc.) 


is formed like a medicinal capsule—with 
two symmetrical slightly 
(Fig. 3] the capsule is finely 
etched with dots and markings of such ex- 


overlapping halves 
-5). Moreover, 


quisite delicacy that diatoms are often used 
by mitcroscoptsts lor testing the resolving 
power of high quality lenses. 

Typical nuclei and chloroplasts are pres- 
ent: (Riee 31-5). addition to 
chlorophyll, the chrysophytes possess a brown 
pigment, 


However, in 


likewise 
found in the brown algae (p. 599) and in 
the flame algae (p. 598). The intracellular 
storage product is a fluid Itpid, generally re- 
ferred to as oil, rather than sohd granules of 
a carbohydrate nature. 


fucoxanthin, which 1s 


Diatoms occur in enormous abundance and 
variety in most salt and fresh waters. A 
cubic foot of ocean water [requently wall 
contain well over a million specimens. In 
fact, the diatoms, together 
gellates (p. 599), are sometimes referred to 
asathe: -oriss of the-sen: 


with the <linota- 


* because they repre- 
sent such an important food base for fish 
and other marime animals. By dint of num- 
bers these orgamisms appear to be responsible 
directly and indirectly for the synthesis ol 
considerably more than half of all existing 
organic matter (p. 158). And in past ages, 
extending back into the early Paleozoic era, 
diatoms lourished m equal if not greater 
abundance. Some sedimentary deposits of 
diatomaceous earth, which consists largely of 
the distinctively marked, silicon-laden cap- 
sules of ancient dtatoms, display a depth 
ereater than 1000 leet. This material, be- 
cuuse of its exceedingly fine abrasive quah.- 
ties, is used extensively in the preparation of 


dentilrices and ol metal polishes. Also dia- 
tomaceous earth, owing to its fine porosity 
and excellent adsorptive capacity, 1s very 
uselul in the manulacture of insulating mate- 
rials and of special filters. And finally, there 
is considerable evidence that supports the 
view that much of our present-day petroleum 
owes its origin to the large accumulations ol 
oi] in the diatoms of ancient times. 

The rich fossi] record indicates that the 
Chrysophyta originated as a distinctly sepa- 
rate group in very early times, and that they 
did not give rise to any of the higher plants 
(Fig 22911). 

The Pyrrophytes (Flame Algae). By far 
the most abundant and tmportant of the 
flame algae are the dinoflagellates, two 
species ol which are shown in Figure 31-4. 
These cuniously formed unicellular plants 
are predominantly marine in habitat. In the 
sea they olten generate populations of tre- 
mendous density, 
food base for a multitude of fish and other 
marine animals (p. 589). 


and thus they provide a 


Dinoflagellates display typica/ nuclei and 
chloroplasts, but the cell wall takes the form 
of a number ol overlapping cellulose plates 
(Fig. 31-4). Always there are two flagella (Fig. 
31-4), one lying in a groove that tends to 
encircle the cell and the other trailmg pos- 
teriorly. 

The red color of most Dinoflagellata comes 
from the pigment fucoxanthin, which 1s 
present in addition to chlorophyll. Some 
dinoflagellates synthesize products that are 
quite toxic to other organisms. Occasionally, 
indeed, the fish in eran waters (for exam- 
ple, the Gulf ol Mexico) may be killed off by 
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Fig. 31-4. Flame algae (Pyrrophyta). The dinaflagel- 
lates (shown abave) are the mosi important of the 
flame algae. Note the unique orrongement af the 
flagella and the averlapping cellulase plates. Some 
dinoflagellates praduce toxic substonces ond are re- 
spansible far ‘‘mussel paisoning’” and “‘red tides”’ (see 
text). 


the millions when an upsurging population 
of dinoflagellates becomes so great that it is 
described as a “red tide.” Also “‘mussel poi- 
soning” may result when people eat mussels 
that have been feeding mainly upon toxic 
dinoflagellates. 

The Dinoflagellata and other Pyrrophyta 
appear to have initiated a separate path of 
evolution at a very early date, as is indicated 
in Figure 29-1]. 

The Phaeophytes (Brown Algae). About 
1000 species of these marine algae are found, 
mainly in shallow coastal waters, although 
some species extend their range to depths 
approaching 100 feet. The species vary widely 
from smal] branching filamentous forms, such 
as Ectocarpus (Fig. 31-5), to large expansive 
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plants, such as Laminaria (Fig. 31-5). All 
possess fucoxanthin and chlorophyll in vary- 
ing proportions; and the color ranges from 
light greenish brown to very dark, almost 
blackish green. 

The larger brown algae, which sometimes 
are called kelps, may show a considerable 
differentiation of their organs. Character- 
istically, there 1s a hoJdfast (Figs. 13-3 and 
31-5), a branching stemlike stipe, and a num- 
ber of broad leaflike blades. Also there may 
be a number of gas bladders (Fig. 31-5), 
which buoy up the thallus, so that the blades 
receive a maximum share of the weak light 
that filters down through the overlying 
water. Some brown algae, compared to other 
algal forms, display a high degree of cellular 
differentiation. At the center of the stipe in 
some brown algae, are found a number of 
elongate cells with perforated end walls, 
somewhat like the sieve tubes of higher 
plants; and these probably serve to convey 
organic materials from the upper to the 
lower parts of the plant. Also meristem cells, 
somewhat similar to the cambium of higher 
plants, are found in a few of the larger 
phaeophytes. 

The brown algae generally display sexual 
as well as asexual methods of reproduction; 
and some (for example, Ectocarpus) show a 
regular alternation between diploid spore- 
forming and haploid gamete-forming genera- 
tions. And even forms such as Fucus (Fig. 
31-5), in which the cells of the thallus are 
consistently diploid, are considered to have a 
transient unicellular haploid stage, repre- 
sented by the reproductive cells just before 
the eggs and sperm are produced. 

The brown algae, especially the kelps, 
are of some practical importance: as a food 
base for marine fish; as food for cattle, and 
even man (China and Japan); as sources of 
iodine and mineral! salts; and in the produc- 
tion of algin, a carbohydrate clerivative quite 
widely used to improve the “creamy” quali- 
ties of ice cream, candies, and hand lotions. 

Like other thallophyte groups, the brown 
algae started an independent line of evolu- 
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tion at a very early time, as is indicated im 
Figire 29-11. 

The Rhodophytes (Red Algae). The red 
algae, of which there are some 2500 species, 
tend to resemble the brown algae. They are 
mainly marine and they display a variety of 
branching forms (Fig. 31-6). However, the 
thodophytes generally live in deeper, 
smoother waters, so that the form, typically, 
is more delicate and lacy, and their struc- 
ture is not so tough and leathery. The red 
pigment (phycoerythrin) of the rhodophytes 
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Fig. 31-5. Same brawn algae (Phae- 
aphyta). Many af these multicellular 
marine plants are taugh and leath- 
ery and can endure the paunding af 
waves alang the shares of the sea. 
Large brawn algae are called kelps. 
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absorbs heavily at blue-hght wavelengths 
(p. 162), which penetrate more deeply into 
the-ocein: Phe red: 2igieschevetore. cin 
grow at relatively greater depths, where chlo- 
rophyll alone 1s not a very ethcient photo- 
synthesizing pigment. 

One group of red algae, the Corallina, 
plays an amportant part in the building of 
atoll reels (p. 634). These Ilorms accumulate 
calcium carbonate, which finally makes the 
thallus hard and rigid. Many generations of 
such algae, each attaching to the bottom and 
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Fig. 31-6. Two of the red algae (Rhodophyta). Many red algae live in deep quiet waters. These have a delli- 
cote form, such as is displayed by Dasa plumosa (left). However, some, such as Rhodomenia palmata (right), 
live in the more agitated tidal zone and these are apt to show a sturdier farm. (Courtesy of the American Mu- 


seum of Natural History, New York.) 


adding another layer of stony material, may 
gradually build up and extend a reef enor- 
mously. Moreover, the algae provide an eftec- 
tive hiding place for coral animals (p. 634), 
which likewise deposit vast amounts of cal- 
careous materials. 

Some red algae are used as food. The 
Japanese cultivate one kind (Porphyra) in 
carefully tended submarine gardens; and the 
Scotch are fond of dulse (Rhodymenia, Fig. 
31-6), boiled in milk. Moreover, agar, which 
is so widely used in preparation of bacterial 
culture media, is derived from two kinds of 
red algae (Gelidtum and Gracilaria); and 
carrageenin, a material extracted from Irish 
moss, is useful in the preparation of choco- 
late milk products. 

None of the red algae has flagellated re- 
productive cells, which are so usual among 


aquatic plants. Typically the nonmotile 
sperm are carried by the oceanic currents 
until some are picxed up by a sticky pro- 
tuberance (the trichogyne) from the egg- 
forming organ. Frequently there is an alter- 
nation of sexual and asexual generations. 
The spores of the Rhodophyta are nonflag- 
ellated. 

The Schizomycophytes (Bacteria). “These 
exceedingly small, unicellular fungi} were 
discussed at some length in Chapter 10. 

It appears hkely that the bacteria orig- 
inated earlier (p. 566) and that they are more 
primitive than the blue-green algae, which 
they tend to resemble. However, bacteria 


1The term fungus (plural, fungi), is a very con- 
venient one, even though it does not designate any 
single phylum or other taxonomic group. In fact, all 
relatively simple colorless (lacking chlorophyll) plants 
are Called fungi. 
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lack chlorophyll. Previously it was thought 
that bacteria do not possess definitive nuclei, 
but true nuclei have now been demonstrated 
mm many lTorms. Sexual reproduction may 
occur, however, at least in prunitive form. 

In the absence of chlorophyll, bactertal 
nutrition is saprophytic (p. 174), parasitic (p. 
178), or chemotrophic (p. 178). The dominant 
forms, of course, are spherical (coccus), rod- 
shaped (bacillus), and spiral (spirillum), as 
is shown in Figure 10-1. Many bacteria are 
solitary and unicellular, but many others form 
colonial aggregates. Olten the form of such 
colonies may be inferred from the name; 
for example, Streptococcus or Streptobacillus 
indicates chainlike formations, and Staphylo- 
coceus mdicates an irregularly bunched col- 
ony. Many species are flagellated. This is 
particularly true of the spirillum forms, 
which seldom, if ever, form colonial aggre- 
gates. Bacterial cells are very small. The av- 
erage size 1s about ] to 3 microns in diameter 
or length. 

As was explained in Chapter 10, the sapro- 
phytic bacteria are very important because 
they are responsible (mainly) for the proc- 
esses of decay, putrefaction, and fermenta- 
tion. Vast quantities of organic materials, 
which otherwise would tend to accumulate 
in the environment, thus undergo decom- 
position, liberating their constituents in in- 
organic form, which can be reutilized by 
various other organisms (pp. 183-185). Also 
the saprophytic bacteria are important in 
relation to food spoilage (jp. 178). And last 
but not least, the parasitic bacteria are very 
important as disease-causing agents in many 
plants and animals, including man (Table 
30-1). 

Some biologists include the Rickettsia 
among the Schizomycophyta, but the classi- 
fication ol these intracellular parasites is 
problematical. The Rickettsia were named 
after their discoverer, Howard Ricketts, who 
died in 1910 while studying typhus, which 
is caused by one of these “organisms.” Gen- 
erally speaking, the Rickettsia, like viruses, 
seem incapable of multiplying except when 


they are in the protoplasm of some living 
cell. Typically, rickettsia] bodies are smaller 
than bacteria, the average size being about 
half a micron. 

About +0 kinds of Ricketista, mainly rod- 
shaped and ball-shaped, have been observed, 
particularly in the cells ol the intestinal 
wall and salivary glands of various lice, ticks, 
and bedbugs. However, only two kinds seem 
to be associated with common human di- 
seases: (1) The typhus Rickettsia, which is 
transmitted by lice; and (2) the Rocky Moun- 
tain spotted fever Rickettsia, which is trans- 
mitted by ticks. 

The antiquity of the Schizomycophyta as 
a separately evolving group (Fig. 29-11) is 
indicated not only by the primitive cellular 
structure and the primitive reproductive 
status, but also by the fact that bacterial 
remnants appear to be present in the very 
oldest fossil-bearing strata. 

The Myxomycophytes (Slime Molds). There 
are about 500 species of these strange fungi. 
Usually they are found living saprophyti- 
cally wpon rotting wood, fruits, and other 
masses of organic material. 

The vegetative body, or plasmodium, of 
the slime mold typically consists of a lobu- 
lated sheet of naked protoplasm (Fig. 31-7), 
which creeps actively, like a giant amoeba, 
over the surface of the food material. In some 
species, the plasmodium may cover an area 
of several square inches, but in others it may 
be semimicroscopic. Sometimes the plasmo- 
dium may be a multinucleate syncytium, but 
im a few species it consists of a coordinated 
mass of uninucleate cells, such as is shown in 
Figure 2-22 (stage 1). 

For many years many slime molds were 
thought of as animals. Then it was found 
that each is capable of developing typical 
multicellular sporangia (Fig. 31-8) in which 
the cells possess cellulose walls. Each species 
1s best identified, in fact, by the sporangia. 
‘These often are beautifully colored, in hues 
of yellow, orange, brown, rec, violet, or pur- 
ple. However, the sporangia of Myxomyco- 
phyta are seldom more than 5 mm in diam- 
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Fig. 31-7. 


eter and sometimes they are almost micro- 
scopic. 

Each spore of the slime mold, typically, 
gives rise to four naked cells, capable of 
active amoeboid movement and often pos- 
sessing one or more flagella. Each of these 
swarm cells, which are called myxamoebae, 
usually divides a number of times, producing 
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Fig. 31-8. 


The plosmodium of a slime mold (Cribraria) creeping over the surface of 
an agor nutrient medium in a Petri dish. Note the irregular lobose form of the 
plasmadium, which is quite typical of the Myxomycaphyta generally. (Photo by 
G. W. Martin; from The Plant World, by Fuller and Carothers. Holt, Rinehart and 
Winston, Inc.) 


more myxamoebae. Eventually, however, 
the cells fuse in pairs, each pair forming one 
zygote. Then the zygote gives rise to the 
plasmodium of the next generation. 

Some myxomycophytes are parasitic and a 
few are important in relation to plant dis- 
eases. For example, the club-root disease of 
cabbages and the powdery-scab disease of 





Sporangia of two different slime molds, growing on tree bark. Although 
the sporangium of a myxomycophyte is seldom bigger than a pinhead, the size, 
shape, colors, and morkings are distinctive for each species. Those on the left are of 
Bodamio foliicola, and those on the right are of Physarum globuliferum. (Photos by 
Richard Benjamin; from The Plont World.) 
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potatoes are both caused by parasitic slime 
molds. 

The evolutionary relationships of the 
slime molds represent a puzzling problem. 
It does seem clear, however, that the Myxo- 
mycophyta separated off from all other 
groups at a fairly early time (Fig. 29-11). 

The Eumycophytes (True Fungi). This very 
large phylum consists of more than 75,000 
Most of these higher 
although there are 


widely varying species. 
fungi are sapropliytic, 
quite a few parasitic species. A great major- 
ity are multicellular and in most cases the 
cellular organizauon is typical (that is, not 
syncytial). Usually the body, or mycelium, 
consists of a network of branched micro- 
scopic threads, or hyphae, which collectively 
may look like a flufled out piece of absorb- 
ent cotton. The “lruiting organ,” which usu- 
ally bears a Jarge number of sporangia, fre- 
quently consists of a compactly organized 
system of hyphae ol very definite shape and 
forme, Vhe-gametes iy be eitlier motile-or 
nonmotile; “and sporulation may be either 
me1otic or mitotic. 

Four distinct classes have been evolved 


among the Eumycophyta. There are: 


]. The Phycomycetes, or algalike fungi 

2. The Ascomycetes, or sac fungi 

3. The Basidiomycetes, oy basidium fungi 
4. The Deuteromycetes, or unpertect hingi 


The Phycomycetes. The algalike fungi are 
represented by about 500 species, which gen- 
eraliy. ire: sinaller and simipier than other 
eumycophytes. Many Phycomrycetes, like the 
bread mold (Fig. 12-10), ure free-living sapro- 
phytes. However, there are quite a few puara- 
sitic species, such as the downy mildews (Fig. 
31-9) and the white rusts. Pliycomycetes are 
generally more primitive than other eumyco- 
phytes. Usually the hyphae are syncytial, the 
mycelium is rather diffuse, and highly or- 
ganized fruiting organs are not developed. 

The downy mildews (Fig. 
gerous 


51-9) are dan- 
They 


tobacco, 


disease-producing — parasites. 


considerable daniage — to 
lettuce, and potatoes, and 


they cause “damping off” in a wide variety of 


Cause 


grapes, ONIONS, 


SURFACE 





HAUSTORIUM 


Fig. 31-9. Some parasitic Phycomycetes, such as the 
downy mildew shown here, passess specialized ab- 
sorbing hyphae, called haustaria. These penetrate 
into the cells af the host. (From The Plant Warld.) 


seedlings. In fact, it was one of the downy 
mildews (Phytophthora infestans) that caused 
the terrible Jrish potato blight in 1845 and 
led to the immigration of large numbers of 
famine-ravished people into the Umited 
Slates: 

On the basis of the general form and the 
pattern of their reproductive processes, the 
Phycomycetes sce quite closely related to 
the green algae. However, the separation of 
the two groups seems to have occurred in 
very early times (Fig. 29-11). 

The Ascomycetes (Soc Fungi). This large 
(35,000 species) class of the Eumycophyta in- 
cludes many Jamihar and inportant forms. 
Among the saprophytic species are the vari- 
ous blue, green, and yellow molds (usually 
either Aspergillus or Penicillium) often seen 
on spoiling fruit; the red baker's mold, Neuro- 
spora (p. 529); the various kinds of brewer's 
and baker's yeasts (Fig. 10-2); and the rare 
but delicious edible truffle. And among thie 
parasitic species are the powdery mildews, 
which infect leaves, espectally in lilacs, roses, 
apples, and grapes; the ergot fungus which 
infects rye and other cereals; the fungi caus- 
ing chestnut blight and Dutch elm disease; 
and one genus (Torula) of yeasts, which 
nay, on rare occasion, 
nervous system In man, 
infection (blastomycosis). 

Au nuportant distinctive 


invade the skin and 
causing a. serious 
a 


feature of the 
Ascomycetes is a suclike reproductive struc- 
ture called an ascus (Fig. 31-10). In the ascus, 
four or (more frequently) eight haploid 
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Fig. 31-10. Asci ond oscospores are distinctive of 
the sac fungi, or Ascomycetes. (From The Plant World.) 


spores (ascospores) are produced from a sin- 
gle diploid spore mother cell. Typically the 
appearance of an ascus follows immediately 
after sexual] reproduction, when two gamete 
nucle: fuse to form the diploid nucleus of 
the spore mother cell. The cells of the myce- 
lium, which grows from an ascospore, are 
haploid and the haploid condition endures 
throughout most of the lle cycle in Ascomy- 
cetes generally. 

In many species the asci are formed more 
or less individually at the ends of certain 
hyphae. But in others the ascal sacs are 
borne by a highly organized fruiting organ, 
called the ascocarp. In fact, many of the spe- 
cies are best identified on the basis of the 
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size, shape, and color of their ascocarps, as Is 
shown for a cup fungus, in Figure 31-1]; and 
for the sponge fungus, in Figure 31-12. 
Ascomycetes do much harm, through the 
spoilage of foods, tobacco, fabrics, and so 





Fig. 31-12. Same Ascomycetes are colled spange 
fungi, or morels. This one (Morchella esculento) is 
edible. Moreover, it is considered a rare delicacy. 
(Photo by C. F. Hottes; from The Plont Warld.) 
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Fig. 31-11. Some Ascomycetes, such as this one (Peziza), are called cup fungi, 
owing to the shape of the ascocarp. (Fram The Plant World.) 
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forth, and through their pathogenic effects 
upon various plants and animals. However, 
the sac fungi also do much good. Various 
species of Aspergillus are used in the produc- 
tion of alcohol, citric acid, and other organic 
compounds; Penierllium rogueforti and cam- 
emberti contribute distinctive flavors to 
roquefort and camembert cheeses; and Pent- 
cillium notatum, which produces the anti- 
biotic, penicillin, has been extremely vatu- 
able in helping to cure mastoiditis, syphilis, 
gonorrhea, and quite a few other previously 
serious infections. 

The Basidiomycetes (Basidium, ar Club Fungi). 
This other large (25,000 species) class of the 
EFumycophyta also includes a number of fa- 
militar and important fungi. Among the free- 
living, saprophytic species are the mushrooms 
(Fig. 31-13), the puffballs (Fig. 31-14), and 
the bracket fungi. And among the patho- 
genic species there are the rusts and the 
smuts. 

A distinctive feature of the Basidiomycetes 
is their unique method of forming spores. 
Following sexual] reproduction, a number of 
large club-shaped diploid cells, each called a 
basidium, are formed on certain reproduc- 


Fig. 31-13. 





tive hyphae (Fig. 31-15). The cliploid nucleus 
of the basidial cel] divides twice (meiosis), 
giving rise to four haploid nuclei. These 
nuclei then migrate out into the four spore 
cells (basidiospores) that are budded off at 
the end of the basidial cel] (Fig. 31-15). Each 
haploid basidiospore can give rise to a new 
mycehum, in which all the cells are haploid; 
and the haploid status of the species persists 
until sexual reproduction occurs again. 

Usually the reproductive hyphae, upon 
which the buasidia and basidiospores are 
formed, are organized into fruiting organs, 
called sporophores, which clisplay a definite 
shape and color in each of the species. Thus 
it 1s possible to recognize each species on the 
basis of its sporophore—as is shown for the 
common edible mushroom in Figure 31-13. 
It should be remembered, however, that the 
mycelium of the species, which lies buried 
in the humus-laden soil, or in some other 
organically rich medium, must have grown 
tor a long time before the sporophore sud- 
denly “mushrooms” and thrusts itself into 
sight. 

Almost 200 edible varieties of mushrooms 
are known. There are, however, about 30 





ap 


The commonly cultivoted edible mushroom (Psalliota compestris) is ane 


of the Basidiomycetes, or club fungi. This is o floshlight photo, token in a mush- 


room cellor. (From The Plont World.) 
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Puffoolls, another kind of club fungus, growing upon rotting wood. 


Notice the white strands of the mycelium, which penetrate down into the wood. 
The mycelium must grow for many weeks before the sporophores (puffbolls) ap- 
pear. (Photo by C. F. Hottes; from The Plant World.) 


poisonous species (commonly called toad- 
stools). Some of these produce organic toxins 
of truly high potency. Only an expert, there- 
fore, should be trusted to gather mushrooms 
from the field. A single large sporophore 
from the commercial mushroom, Psalliota 
campestris (Fig. 31-13), may produce as many 
as two billion basidiospores, if it is allowed 
to ripen completely. 

Some of the most devastating crop dis- 
eases, such as wheat rust (Fig. 31-16) and 
corn smut (Fig. 3]-17), are caused by para- 
sitic Basidiomycetes. 

The phylogenetic relations of the Eumyco- 
phyta are somewhat problematical. How- 
ever, it is clear that the phylum originated 
at a very early date (Fig. 29-11). 

The Deuteromycetes (Imperfect Fungi). This 
last class of the Eumycophyta serves as a con- 
venient category into which fungi of obscure 
relationship may be placed. They are called 
imperfect fungi because they do not seem to 
display any sexual phase in the reproductive 
cycle. Possibly such phases may have ap- 
peared and were later lost in the course of 


evolution; or perhaps, at least in some cases, 
sexual phases do exist, but have never been 
observed by man. In any event, many of the 
imperfect fungi are parasitic. Moreover, a 
few of them are responsible for some trouble- 
some human _ infections. These include 
thrush, a mouth and throat infection; sprue, 
an intestinal inflammation, not uncommon 
in the tropics; and several skin infections, 
namely, ringworm, barber’s itch, and ath- 
lete’s foot. 

The Lichens. These dual organisms (Fig. 
10-5) are difficult to classify because each rep- 
resents a symbiotic association between two 
species—one a fungus and the other a green 
alga. There are, however, some 14,000 kinds 
of lichens, varying in color from the more 
familiar gray-green forms through a range 
of yellow, orange, red, brown, and _ black. 

Various lichens can grow on bare rocks 
and barren soils; and many can withstand 
extremes of cold and drought. One kind, the 
reindeer moss (Fig. 31-18), provides a staple 
food for the reindeer herds of Lapland; and 
other kinds penetrate deep into the Arctic 
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Circle well beyond the range of other plants. 
Lichens also provide a source Jor several 
dyes. These include orchil, a beautiful blue 
dye, known since ancrent times; and litmus, 
the familiar pH indicator, used in the chem- 
istry laboratory. 


CAP 
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Fig. 31-15. 





Probably the lichens were among the first 
invaders of the land areas in early geological 
times. Many seem to secrete organic acids, 
which dissolve and crumble the rocks upon 
which they grow. Thus lichens probably 
played a significant part in the creation of 






BASIDIOSPORE 
BASIDIUM 


HYPHAE 


Sa = ~~ 
~ >» 
<2) Ze 
—_ 
~ a ae 
OA a = 
— 
—" ce 
Ss 
= lo 
© ee 
<— & 
SS 
wT 


Mushrooms ore typical representatives of the Basidiomycetes. Note how the spores are pro- 


duced by the basidia, which ore borne upon the gills of the sporophore, or “cap.’’ The mycelium, includ- 


ing the button, must grow subterraneously for a number of weeks before the sporophore “mushrooms’ 


é 


upward into the air. One mushroom may produce more than a billion spores, 


Fig. 31-16. Wheat rust, growing on 
wheat stubble (left) and an barberry 
leaves (right), This bosidiomycete 
(Puccinia graminis) is a very destruc- 
tive parasite. Summer spores of this 
rust can pass from wheat plant to 
wheat plant. But the fall spores, 
which grow upon wheat stubble, can 
continue to live only if they manage 
to infest the leaves of the common 
barberry bush. Only winter spores, 
formed in the barberry leaves, are 
capable of surviving through a cold 
season. Consequently, it is the winter 
spores (at least in northern regions) 
that reinfect the wheat crop when 
the following spring arrives. The 
name “rust” derives from the orange 
color of the summer sporangia, 
formed on the leaves af the wheat. 
(Photos by Benjamin Koehler; from 
The Plant World.) 


soil and helped to prepare the land envi- 
ronment for the coming of other plants. 


SUBKINGDOM EMBRYOPHYTA 


Fssentially the various groups of Thallo- 
phyta, which have been described in the 
foregoing sections, are relatively simple 
water-dwelling plants, despite the fact that a 
few species show some slight degree of 
adaptation to life upon the land. The Thal- 
lophyta appear to have originated quite early 
mm the Proterozoic era (Fig. 29-10), at which 
time no terrestrial plants existed. Land 
plants, in fact, did not begin to appear until 
well after the early days of the Paleozoic era. 
At this point, therefore, the question of how 
plants became adapted to terrestrial condi- 
tions becomes pertinent. 

Adaptation of Plants to the Land Environment. 
Land-adapted nutritional organs, such as 
the leaves, roots, and stems of higher plants, 
did not spring suddenly full-fledged into 
being; and the same is true of the specialized 
tissues such as the conducting units of the 
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xylem and phloem, and the well-developed 
water-proofed epidermal tissues, which are 
so essential to well-adapted land species 
(Chap. 13). It is interesting to note, there- 
fore, how these nutritional adaptations did 
arise gradually in the various groups of 
higher plants. 

The land environment also imposes two 
serious problems upon the reproductive 
mechanisms of the plant. If the plant is not 
submerged in water: (1) How can the sperm 
manage to swim to the eggs? and (2) How 
can the unicellular zygote manage to survive 
while the new plant is developing its first 
roots, stem, and leaves? No truly successful 
land species could appear, in fact, until the 
reproductive mechanisms became adjusted 
to meet these basic problems. 

The first problem did not reach a truly 
satisfactory solution in any of the earlier 
groups. Consequently the more primitive 
land species are restricted, more or less com- 
pletely, to areas where, at least periodically, 
there is an abundance of water in which the 
sperm can swin. But the highest plant 
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Fig. 31-17. Corn, infected by corn smut (Ustilago 


zeae), another parasitic basidiomycete. 
Benjomin Koehler; from The Plant World.) 


(Photo by 





groups, especially the gymnosperms and 
angiosperms, finally did evolve a fertiliza- 
tion mechanism in which the sperm do not 
need water while they are being transmitted 
to the eggs (Chap. 12). 

Plont Embryos ond Their Protection. The sec- 
ond problem—nurturing the zygote during 
the early vulnerable stages of development— 
began to reach a solution very early. All Em- 
bryophyta (see below) are characterized by 
the possession of multicellular reproductive 
organs. Especially important are the arche- 
gomia (p. 205). In the archegontum, the 
zygote and the developing embryo are pro- 
tected and nurtured until the young plant 
can shift for itself. This development is the 
primary basis for grouping al] terrestrial 
species into one large subkingcdlom—the Sub- 
kingdom Embryophyta. All members of this 
large group possess multicellular archegonia, 
in which the embryos develop. Also all Em- 
bryophyta possess multicellular sperm-form- 
ing organs (antheridia) and multicellular 
spore-forming organs (sporangia). And lastly, 
the Embryophyta all display a regular alter- 
nation between the diploid asexual sporo- 
phyte generation and the haploid sexual 
gametophyte generation (Chap. 12). 

The Bryophyta (Literally, Moss Plants). 
This phylum (about 23,000 species) of rela- 
tively small pronitive land plants includes 
two classes: (1) the Hepaticae, or liverworts 
(Fig. 13-4), and (2) the Musci, or true mosses 
ier 2s i: 


Fig. 31-18. Reindeer moss (Clodonia 
rongiferino). These ond other lichens can 
grow on very poor soil and in very cold 
regions. (From The Plant World.) 


The lite cycle of the Bryophyta is distinc- 
tive. The haploid gametophyte generation is 
dominant, whereas the diploid sporophyte 
is relatively small and totally dependent 
upon the gametophyte (Fig. 12-12). 

The bryophytes, undoubtedly, were among 
the first plants to colonize the land. They 
show only the most primitive adaptation to 
land conditions. Bryophyta do not have any 
well-developed vascular or epidermal tissues. 
Also the absorbing organs are relatively sim- 
ple rhizoids, rather than complex and efh- 
cient roots. 

Bryophytes were among the first plants to 
develop a multicellular archegonium, which 
protects and nurtures the zygote and embryo 
sporophyte. However, the flagellated sperm 
of the bryophytes, after being liberated from 
the antheridia, must swim through water in 
order to reach the eggs. 

In view of these factors, the biological suc- 
cess of the bryophytes has not been very con- 
spicuous. Such small primitive land plants 
were not able to offer serious competition to 
the better adapted, more highly vascularized 
Tracheophyta, which began to appear upon 
the evolutionary scene early in the Devonian 
period. 

The Bryophyta seem to have arisen from 
the green algae (Fig. 29-11). This is indi- 
cated by the filamentous protonema stage 
(Fig. 12-2) in the bryophytic life cycle; by 
the flagellated free-swimming sperm; and by 
all available paleontological evidence. The 
evidence also indicates that the Bryophyta 
represent a terminal evolutionary branch. In 
other words, the Bryophyta did not give rise 
to the Tracheophyta. Probably, on the other 
hand, the Bryophyta and ‘Tracheophyta 
originated from the same early stock, before 
the distinctive features of either group had 
been evolved. 

The Tracheophyta (Vascular Plants). This 
diversified phylum (p. 594) includes virtually 
all plants commonly seen in the garden, field, 
and forest. These plants, in fact, have come to 
dominate most of the land areas of the earth. 
Today this phylum consists of more than a 


The Plant Kingdom - 61] 


quarter of a million known species. More- 
over, the fossil record, which extends back 
more than 300 million years into the Devo- 
nian and even the Silurian periods (Fig. 29- 
10), reveals many species that later became 
extinct. 

All tracheophytes, as the name implies, 
possess vascular tissues, both xylem and 
phloem (p. 244). This development has en- 
abled many species to reach the dimensions 
of imposing trees. Also all tracheophytes 
show a regular alternation of diploid and 
haploid generations. Moreover, the tracheo- 
phytes have a distinctive life cycle. ‘The 
sporophyte generation is relatively large and 
dominant, whereas the gametophyte is rela- 
tively small and inconspicuous (see p. 219). 
In fact, the gametophyte generation, among 
higher Tracheophyta, is reduced to a micro- 
scopically small thallus, which is entirely de- 
pendent upon the tissues of the dominant 
sporophyte for both sustenance and protec- 
tion (p. 219). Thus when we speak of an 
individual tracheophyte, such as a fern, a 
pine tree, or a rosebush, we are referring to 
the plant during the dominant sporophyte 
stage of its life cycle. 

The Phylum Tracheophyta displays an 
evolutionary divergence into four subphyla: 

Subphylum 1. The PsiLopsipa: a virtu- 
ally extinct group. 

Subphylum 2. The Lycopsipa: domi- 
nant in Carboniferous era. 

Subphylum 3. The SPHENopsiDA: al- 
most extinct. 

Subphylum 4. The PTERopsipA: domi- 
nant today. 

The Psilopsida (Subphylum 1: Phylum Tracheo- 
phyta). Surviving today there are only three 
species of Psilopsida, including the one 
(Pstlotum) that is depicted in Figure 31-19. 
Fossilized Psilopsida, however, extend back 
into the Silurian period, at which time they 
showed a world-wide distribution. Some of 
these fossils are so remarkably well preserved 
that even the microscopic structure can be 
studied. 

The Psilopsida, apparently, began to colo- 
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Fig. 31-19. 


Psilotum, ane of three surviving kinds of pstlopsidan plants. Such 


specimens, which are only 2 to 3 feet tall, are sometimes exh. bited by botanical 
gardens as “‘living fossils.” Note that the sporophyte (leff): (1) has a horizontal 
underground stem without any roots; (2) has very small scalelike “leaves’’; (3) dis- 
plays a primitive dichotomous manner of branching; and (4) bears a number of 
three-lobed sporangia in the axils of some of the leaves. The gametophyte (right) 
is a semimicroscopic thallus that possesses both archegonio and antheridia. (From 


The Plant World.) 


nize the land almost as soon as the Bryo- 
phyta. They are, in fact, the most rudi- 
mentary of all Tracheophyta. The vascular 
tissues are very primitive, but the dominance 
of the sporophyte generation 1s unmistak- 
able. Typically there is a horizontal under- 
ground stem (called a rhizome) trom which 
a number of repeatedly forking cylindrical 
green branches extend up vertically into the 
air. True roots are lacking and “leaves,” 
when present, take the form of very small 


“scales” (Fig. 31-19). None of the species ap- 
pears to have achieved a height of more than 
about two feet. Probably the Psilopsida arose 
from a green algal stock. This is indicated by 
the forking form of the body. the lowly de- 
gree of cellular differentiation, and the pro- 
duction of flagellated sperm, which must 
swim through the water to reach the eggs. 

The Lycopsida (Subphylum 2: Phylum Trocheo- 
phyto). This primitive group of tracheophytes 
also reached a climax in earlier times. In the 


Carboniferous period, indeed, some Lycop- 
sida achieved the form of gigantic trees (see 
Fig. 29-13). Moreover, it is known that accu- 
mulated masses of these large Lycopsida gave 
rise to most of the present-day huge deposits 
of coal. 

Today the Lycopsida have diminished to 
just four genera (about 900 species) of small 
(usually less than 1-foot-tall) relatively unim- 
portant plants. These include the club 
mosses (Fig. 31-20) and the quillworts. 

The Lycopsida, like other ‘Tracheophyta, 
have a dominant sporophyte generation, by 
which the species is commonly identified 
(Fig. 31-20). But the gametophyte, typically, 
takes the form of a semimicroscopic, color- 
less, subterranean thallus, such as is shown in 
Figure 31-21. Lycopsidan sporophytes, on the 


Fig. 31-20. Modern lycopsidans are rather small pros- 
trate plants, such as this club moss (Lycopodium clave- 
tum). These plants also may be colled “creeping 
ground pines.’” Note the dichotomous branching of 
the stem and the conelike spore-bearing structures. 
(From The Plant Warld.) 
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Fig. 31-21. The haploid gametophyte generation of 


Lycopodium. This smell sexual form of the plont, which 
is less than 2 inch long, lives almast completely buried 
on the surfoce af the sail. The fertilized egg, how- 
ever, gives rise to the larger dominant diploid sporo- 
phyte (Fig. 31-20) as in oll of the higher plants (Tra- 
cheophyte). 


other hand, display well-differentiated vas- 
cular tissues (both xylem and phloem); and 
they have very good root, stem, and leaf sys- 
tems. The roots and stems tend to branch 
dichotomously (by successively forking into 
two more or less equal branches) as growth 
occurs. The leaves tend to be small and to 
come off the stem in circlets at regular inter- 
vals (giving the plant a “mossy’’ appearance); 
and the spore-bearing leaves (sporophylls) 
tend to be clustered into elongate club-shaped 
conelike structures (see Fig. 31-20). 

Several club mosses belonging to the genus 
Lycopodium (Fig. 31-20) are commonly called 
creeping ground pines, and frequently these 
are employed as decorative material at 
Christmas time. Such species display an 
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elongate, leafy, prostrate stem, from which 
numerous erect branches extend upwards 
into the air, and numerous roots extend 
downward into the soil. Also Lycopodium 
spores, which are produced in great quantity, 
are sometimes used as a dusting powder (ly- 
copodium powder) in cases of skin irritation. 
One ol the spike mosses (Selaginella lepido- 
phylla), which occurs in dry regions from 
Peru to Texas, is called the resurrection 
plant. During dry spells it rolls up into a 
brownish, apparently lifeless ball; then 
quickly and miraculously it unfolds into a 
delicate green plant as soon as rainy weather 
comes. 

Most Lycopsida produce only one kind of 
spore (homospory), each of which may germi- 
nate into a gametophyte in which both arche- 
goma and antheridia are formed. However, 
a few species in the genus Selaginella display 
heterospory. Selaginella produces two kinds 
of spores—large miacrospores, and small 
microspores—as is shown in Figure 12-13. 
This important feature seems to foreshadow 
developments that are characteristic of the 
highest plants (Gymnospermae and Angio- 
spermae). 

In Figure 12-13, it may be noted that the 
female gametophyte originates from tlie 
macrospore; whereas a male gametophyte 
comes from each microspore. The female 
gametophyte not only gains protection from 
the moisture-proof cover of the macrospore, 
but also it receives nourishment from organic 
materials previously stored up in this large 
cell. Then in its turn, the female gameto- 
phyte protects and nurtures the next genera- 
tion, While the egg is being fertilized and 
while the zygote is developing into the em- 
bryo of the new sporophyte. 

Despite the fact that heterospory, which 1s 
characteristic of the higher plants, had its 
frst incidence among the Lycopsida, the fos- 
sil record and other evidence indicates that 
this group did not give rise either to the 
gymnosperms or to the angiosperms. The 
Lycopsida arose, apparently, from an early 
psilopsidan stock, the Psilophytales, of which 


a number of fossil forms have been found. 
But after a great climax during the Car- 
boniferous period, the Lycopsida have dwin- 
died, and now they seem well along the road 
toward extinction. The Psilopsida and the 
Lycopsida tend to resemble each other, espe- 
cially in regard to the dichotomous branch- 
ing of the stem and the primitive arrange- 
ment of the vascular tissue in the stem. 

The Sphenopsido (Subphylum 3: Phylum Tro- 
cheophyta). This group, which lkewise is 
represented mainly by fossil species, reached 
a peak of size and abundance during the 
Carboniferous period. At this time many 
species were treelike plants attaining heights 
up to 100 feet; and Sphenopsida had almost 
a world-wide distribution. To some extent 
the Sphenopsida took part in the formation 
of coal, although most of our large deposits 
were clerived from the Lycopsida. 

Today there is only one surviving sphe- 
nopsidan genus, namely Equisetum (Fig. 31- 





Horsetails 


Fig. 31-22. (Genus Equisetum) are the 
sole survivors from the ancient Sphenopsida, which in 
oncient times included a wide variety of treelike spe- 
cies. This species (Equisetum arvense) is less thon 12 
inches tall. Note the horizontal stem (rhizome); the 
relatively small roots; the small, scalelike leaves; and 
the conelike spore-forming strobilus. (From The Plant 
World.) 


22), and this consists of only 25. species. 
These living forms are commonly called 
horsetails. Also they may be referred to as 
the scouring rushes. The stems contain many, 
fine, sharp particles of silicate. This made 
them useful as an abrasive material for clean- 
ing pots and pans, especially in the early 
Colonial days. 

Typically the dominant sporophyte (Fig. 
31-22) displays well-developed vascular ele- 
ments (both xylem and phloem). There is a 
prostrate stem, from which true roots extend 
downward into the soil and numerous 
branches pass upward into the air. The stem 
and its branches are characteristically hol- 
low, and display conspicuous joints (nodes) 
and longitudinal ribs. ‘The leaves, at least in 
modern species, tend to be very small scales, 
which come off in whorls at the nodes (Fig. 
31-22). ‘Typically the spores are produced by 
a cone, or strobilus. This consists of a com- 
pact club-shaped group of sporangium-bear- 
ing modified leaves (sporophylls) found at 
the tip of a specialized branch (Fig. 31-22). 
Sporulation, as in all higher plants, is meiotic 
and each spore has the potential of giving 
rise to a haploid gametophyte. Typically the 
gametophyte is a semimicroscopic green 
thallus, nutritively independent of the sporo- 
phyte, but poorly adapted to terrestrial con- 
ditions. For this reason and because the free- 
swimming sperm require water if any is to 
reach an egg, the Sphenopsida tend to be re- 
stricted to swampy regions or to unusually 
rainy localities. 

Apparently the Sphenopsida did not pro- 
vide a direct evolutionary line leading to any 
of the higher plants. Like other primitive 
Tracheophyta, the Sphenopsida seem to have 
arisen from the Psilophytales (p. 563) during 
the Devonian period. They reached a peak 
in the Carboniferous period (Fig. 31-23); but 
by the end of the Paleozoic era, they had 
almost vanished. 

The Pteropsida (Subphylum 4: Phylum Tra- 
cheophyta). This highly successful group of 
land plants is by far the largest in the Plant 
Kingdom. It includes all ferns and all seed 
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Fig. 31-23. Petrified calomite fossil from a Carbon- 
iferous formation. Many of the ancient Sphenopsida 
were large, treelike forms that participated in the 
formation of coal. (From The Plant World.) 


plants (Gymnospermae and Angiospermae). 

The completely dominant sporophyte gen- 
eration typically is represented by a sturdy 
well-adapted land plant. It possesses very 
efficient root, stem, and leaf systems, with 
highly developed vascular elements in both 
xylem and phloem. The leaves tend to be 
large, complex structures, which have 
evolved as flattenings at the ends of the stem 
branches, rather than as small accessory out- 
growths, as in the lower ‘Tracheophyta. The 
sporangia develop on the lower surfaces (or 
margins) of the sporophylls and the sporo- 
phylls usually are so highly specialized that 
it is difficult to recognize them as modified 
leaves. The haploid gametophyte generation 
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is very small. Indeed, in higher forms (gym- 
nosperms and angiosperms) both male and 
female gametophytes are microscopic (Fig. 
12-19). The protection and nurturing of the 
embryonic sporophyte is exceptionally cllec- 
tive. 

Three large classes, each containing a wide 
variety of living species, have been evolved 
among the Pteropsida. ‘These are: 


Class Io ie eraicanede— tems 

Class 2.0 The Gyninosperimae—cone- 
bearme plants 

Class 3. The Angiospermae—tlower- 


Ing plants 
Among the Pteropsida, only the last two 
classes (Gymmnospermae and Angrospermac) 
produce seeds. Formerly these seed plants 


were considered 10 vepresent a 


separate 
phylum (the Spermatophyta). However, ac- 
paleontological! 


cumulating evidence © fias 






Fig. 31-24. 


made it necessary to modernize the classifica- 
tion. 

THE Ferns (CiAss FILiciNEAE). The dis- 
linctive reproductive cycle and the general 
characteristics of this familiar group of plants 
were clescrilbed in-aiv earlier sectioy (Chap. 
12). During the Carboniferous period a num- 
ber-ol large treelike: [eriis existed’ and” these 
played some role in the formation of coal. 
‘Today, however, ferns seldom exceed knee 
height, although a [ew resemble small] trees 
(Fig aS le2ijes\nioneaiving terns, there ‘are 
about 250 genera (10,000 species). 

The ferns tend to be restricted to environ- 
ments wlicre water is least 
periodically. The gametophyte (Fig. 12-5), 
although green and nutritively independent, 


abundant, at 


is small (seldom more than 14 tnch wide) and 
not well adapted to land conditions. More- 
over, the {lagellated sperm (Fig. 12-4) must 
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Young tree-ferns, Jamaica. Few modern Filicineae grow to such a 


size; but many ancient forms were much larger. (From The Plant World.) 


swim through water in reaching the eggs. 
The sporophyte generation, on the other 
hand, is a well-adapted Jand plant. Olten the 
sporophyte reproduces vegetatively by send- 
ing up new clusters of leaves (fronds) and 
roots from the underground horizontal 
rhizome (Fig. 12-4). Indeed, the rhizome, dur- 
ing successive seasons of growth, may con- 
tinue to reach out from the place where the 
sporophyte first established itself, thus giving 
rise to a number of sporophytes within a cer- 
tain area. 

All available evidence indicates that the 
Filictneae originated from the Psilophytales 
(p. 563), and in fact, the earliest fossil ferns 
bear a striking resemblance to this group. 
Also the evidence indicates that the early 
ferns, now extinct, represent the stock from 
which the Gymnospermae and Angiospermae 
arose (Fig. 29-11). 

THE GYMNOSPERMAE (CLASS 2; PHYLUM 
TRACHEOPHYTA; SUBPHYLUM  PTEROPSIDA). 
This important group (about 750 living spe- 
cies) includes al] the conifers (pines, spruces, 
hemlocks, ginkgoes, cycads, etc.). Among the 
gymnosperms, the reproductive organs are 
cones, rather than flowers. Essentially, each 
cone is a cluster of sporophylls (modified 
spore-bearing leaves). However, the gymno- 
sperms are heterosporous; that is, they pro- 
duce both microspores and macrospores. 
Also the gymnosperms bear two kinds of 
cones: (1) smaller staminate cones, which 
produce microspores (pollen); and (2) larger 
pistillate cones, which produce macrospores 
(Fig. 31-25). 

All Gymnospermae_ (literally, “naked 
seeds’) produce seeds. Among Gymnosper- 
mae, however, the seecls occupy an exposed 
position—two on the upper surface of each 
scale of the pistillate cone. 

The life cycle of a gymnosperm, such as 
the pine, resembles that of the angiosperm, 
which was described in Chapter 12. Typi- 
cally, two ovules (macrosporangtia) are borne 
on the upper surface of each scale of the 
pistillate cone (Fig. 31-26); and one micro- 
scopic female gametophyte develops from 
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the macrospore at the center of each ovule. 
Here it is protected and nurtured by the sur- 
rounding tissues. Each microspore (pollen 
grain), if it 1s carried by the wind to an ovule, 
develops into a microscopic male gameto- 
phyte, which likewise is protected and nur- 
tured by the ovule tissues. Fertilization oc- 
curs when the tip of the male gametophyte 
(pollen tube) grows into contact with the egg 
cell—after the female gametophyte (mega- 
gametophyte) 1n the ovule has reached ma- 
turity (Fig. 31-26). Finally, each ovule, as a 
whole, gives rise to one seed and an embryo 
of the next sporophyte generation lies at the 
center of each seed (Fig. 12-22). 

This type of life cycle has many advan- 
tages for land plants—as was explained in 
Chapter 12. It enables the species to achieve 
fertilization without requiring the sperm to 
swim through water. Also the protected and 
nurtured gametophytes are not required to 
face the hazards of independent life, such 
as are encountered by the poorly adapted 
gametophytes of lower land plants. And 
finally, the new sporophyte, at the center of 
the seed, is carried to a relatively advanced 
stage of development before it is forced to 
shift for itself. Consequently it is not sur- 
prising to find that the seed plants (Gymno- 
spermae and Angiospermae) have come to 
dominate the land environment. 

It 1s diffcult to evaluate the tremendous 
Importance of the vast forests of pines and 
other gymnosperms. They prevent soil ero- 
sion; they provide food and shelter for wild 
animals; they yield vast quantities of lumber 
and wood products (paper, wood alcohol, 
turpentine, etc.), and they have many other 
values. All gymnosperms are woody plants, 
chiefly trees. Some, such as the California 
redwoods and big trees, achieve gigantic size. 
The wood of most species consists mainly of 
tracheids (p. 244); and most species are cver- 
greens, with needleltke leaves. The adapta- 
tion of the sporophyte generation to land 
life in relatively dry cold regions is excellent; 
and since sexua] reproduction, including seed 
production, can continue under such condi- 
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Fig. 31-25. Pines and ather gymnosperms praduce two kinds of cones. Belaw, a cluster of staminate canes 
(which produce the micraspares, or pollen), surrounded by needlelike leaves. Abave, twa pistillate canes (which 
praduce avules and seeds), flanking a young leaf-bearing shoot, and surraunded by mature leaves. Two very 
small, young pistillate cones may be seen at the tap af the new leaf-bearing shoot. Both phatos are of the Austrian 
pine (Pinus nigra). (Capyright General Bialagical Supply Hause, Inc.) 















ay INTEGUMENT 
St — NUCELLUS 


C)——MICROPYLE 


“za POLLEN TUBE 
“i ARCHEGONIUM 
=-te}~ MEGAGAME TOPHYTE 
oe 
oie 
Ee 
cis 
* gee 
Ee 
« Bs 
Fig. 31-26. Above, ane scale (megasporophyll) of a 


pistillate pine cone, bearing two ovules. Below, female 
gametophyte (megagametophyte) at center of a de- 
veloping ovule. Note the two male gametophytes (pol- 
len tubes), growing toward the egg cells, in the arche- 
gonia. The haploid gametophytes, bath male and 
female, are nurtured by the nucellus tissue and pro- 
tected by the integument of the ovule while fertilization 
accurs. Subsequently, the embryo of the new sporo- 
phyte, which originates from the fertilized egg, is also 
nurtured and protected while the ovule (as a whole) 
is ripening into a seed. (From The Plant Warld.) 


tions, gymnosperms have occupied great areas 
on all continents. 

The fossil evidence indicates that the 
Gymnospermae originated from a now-ex- 
tinct group, the ‘‘seed ferns’ (Cycadofilicales), 
which had a fairly wide distribution in the 
Carboniferous period. Indeed, the cycads 
(Fig. 31-27), which constitute the most primi- 
tive group among surviving Gymnospermae, 
show many resemblances to ancient “seed 
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ferns.” The sperm, among cycads, are flag- 
ellated, even though they are carried to the 
eggs by a pollen tube and never have an 
opportunity to swim. Also cycads display 
some other very primitive characteristics. 

Ginkgo biloba (Fig. 31-28), on the other 
hand, represents the only surviving species 
from an order (Ginkgoales) that previously 
consisted of many genera and species. This 
so-called living fossil, a native of China, has 
recently become quite popular as an orna- 
mental tree in the United States. 

THE ANGIOSPERMAE (CLASS 3; PHYLUM 
‘TRACHEOPHYTA; SUBPHYLUM  PTEROPSIDA). 
The angiosperms represent by far the largest 
(250,000 species) group among the land 
plants of today. Aside from conifers, most 
plants in almost all terrestrial environments 
are angiosperms. 

As was explained in Chapter 12, flowers 
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Fig. 31-27. A cycad (Zamia). The cycads, a very 
primitive group of gymnosperms, have flagellated 
sperm cells. Note one lorge seed cone at the apex of 
the short tuberous stem. (From The Plant World.) 
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Fig, 31-28. 





The ginkgo tree (Ginkgo bilobo). It is sometimes cited as a living fossil becouse it is 


the only species thot has survived from a large group (the Ginkgoales) of primitive oncient gymno- 


sperms. (From The Plant World.) 


(rather than cones) are distinctive of the An- 
giospermae. Also the secds of the angiosperm 
are enclosed within a fruit, which is a deriva- 
tive of the basal part of the pistil (ovule 
case). 

The life cycle of the angiosperm (Fig. 12- 
19) is exceedingly well adapted to land con- 
ditions. The basic pattern is the same as in 
the Gymmospermae, except that (1) the 
gametophytes are even more reduced (Fig. 
31-29); (2) the microspores (pollen) are car- 
ried mainly by insects (rather than by wind); 
(3) one of the sperm nuclei participates in an 
accessory fertilization, which forms a triploid 


endosperm tissue (p. 221); (4) the growth of 
the male gametophyte (pollen tube) 1s sup- 
ported by the tissues of the upper parts of 
the pistil (stigma and style), rather than by 
the tissues of the ovule itself; and (5) the 
archegonia of the female gametophytes are 
reduced even further (in fact they are virtu- 
ally absent). 

The sporophyte generation among angio- 
sperms varies tremendously from lowly 
grasses to mighty oak trees. Generally speak- 
ing, however, the tissues and organs are very 
well adapted to land conditions. The xylem 
almost always displays well-developed ducts, 
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Diagram showing on evolutionary trend in the Plant Kingdom. Progressively 


the diploid (2n) sparophyte generotion has become larger and more dominont; while 
simultaneously the hoplaid (n) gametophyte generation has diminished, becaming more 
subordinate and dependent. Among many algae the diplaid generotion is represented 


solely by the zygote. (From The Plant World.) 


or vessels (Fig. 13-8), and tracheids (p. 244) 
may also be present. Typically the leaves are 
broad, flat, and very efficient as photosyn- 
thesizing structures. 

Two important angiosperm subclasses 
have been evolved. These are: Subclass 1, the 
Monocotyledoneae, and Subclass 2, the Dicot- 
yledoneae. Each of these groups displays a 
number of distinctive features. 

‘The Monocotyledoneae include the grasses, 
palms, lilies, irises, tulips, sedges, cattails, 
bananas, orchids, cannas, etc. Among all of 
this wide variety of plants: (1) the embryo 
displays just one cotyledon; (2) the petals 
and other floral parts occur in groups of 
three (or a multiple of three); (3) the leaves 
tend to be elongate, narrow, and nonlobu- 
lated; (4) the leaf veins run parallel to each 
other and to the margins of the leaf; (5) the 
vascular bundles of the stem do not have a 
ringlike arrangement but are scattered; and 
(6) cambium is lacking in the adult stem. 

The Dicotyledoneae, on the other hand, 
include: many trees and shrubs (oaks, maples, 
elms, apples, viburnums, Jaurels, etc.); most 
truck garden plants (spinach, broccoli, leg- 
umes, tomatoes, potatoes, etc.); many flower 


garden plants (roses, phlox, gerantums, pop- 
pies, sunflowers, etc.); many wild flowers 
(dandelions, buttercups, violets, hepaticas, 
etc.), and thousands of other plants, both 
common and uncommon. Al] these plants 
display: (1) two embryonic storage leaves 
(cotyledons); (2) petals and other floral parts 
occurring in groups of five (sometimes four); 
(3) broad, frequently lobulated leaves; (4) a 
branching network of veins in the leaves; 
(5) a circular arrangement of vascular bun- 
dles in the stem; and (6) a ring of cambium 
in the stem. 

The basic nature of flowers and fruits, and 
how these structures contributed to the evo- 
lutionary success of the Angiospermae were 
considered in Chapter 12. Paleontological 
eviclence as to the precise origin of the angio- 
sperms 1s somewhat scanty. Probably this 
great group also originated from the “seed 
ferns” (p. 563). The first unmistakable fossils 
of true flowering plants occur in Cretaceous 
strata, formed about ]25 milhon years ago. 
These fossils show, however, that many of 
the modern angiosperms (elms, maples, mag- 
nolias, sycamores, poplars, etc.) had become 
recognizable even in these early times. 
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TEST QUESTIONS 


What is taxonomy? What does it aim to ac- 
complishe 

List the principal types of evidence that 
may be useful in deciding upon the classi- 
fication of an organism. Explain why the 
classification of an organism sometimes may 
have to be changed. 

Explain the binomial system of nomencla- 
ture. Give four examples. Distinguish be- 
tween a genus and a species. 

Who was Linnaeus? How many organisms 
was he able to recognize and classify? Ap- 
proximately how many organisms are known 
today? Is it true that some new species are 
still being recognized every year? 

What the principal dil- 
ferences between plants and animals? Can 
you specify any exceptions to these general 
rules? 


are some of 


What general similarities between plants and 
animals can be enumerated? 

How would you expkin the fact that plants 
and animals display many fundamental simi- 
larities of structure and function? 
Distinguish between the Thallophyta and 
the Embryophyta. 

Among the various phyla of thallophyces, 
which two are considered to be most primt- 
tive? What evidence can you cite to support 
this answer? Which of the two probably 
evolved first? Explain. 

What group of thallophvtes probably gave 
rise to the higher plants? Explain. 

Among the twelve phyla of the Plant hing. 
dom, which are predominantly aquatic and 
which are terrestrial? 

What organs, tissues, and reproductive struc- 
tures would you expect to find among well- 
adapted land plants? Explain. 

Explain why the appearance of archegonia 
represents an important development in the 
evolution of higher plants. 

Outline the classification of the Embryo- 
phyta, specifying the phyla, subphyla, classes, 
and subclasses that are mentionect in_ this 
chapter. 

Which group among the Embryophyta dis- 
plays a relatively dominant independent 
gametophyte generation and a relatively in- 


conspicuous dependent sporophyte genera- 
tion? 

In which group of embryophytes is the 
gametophyte generation relatively inconspic- 
uous, hut nevertheless independent? 

In what groups of embryophytes is found a 
relatively inconscipuous and dependent ga- 
metophyte? 

Explain and document the statement that 
among the Embryophyta the gametophyte 
generation progressively becomes less con- 
spicuous and more dependent upon the 
sporophyte generation. 

Explain and document the statement that 
among the Embryophyta the sporophyte 
generation progressively becomes more con- 
spicuous and independent. 

Among the Tracheophyta: 

a. Which groups, once numerous and 
dominant in ancient times, have dwin- 
dled and become quite scarce and un- 
important in recent times? 

b. Which groups are very numerous and 
dominant today? 

Compare the Psilopsida, Lycopsida, and 
Sphenopsida, pointing out at least three simi- 
larities and at least one distinctive feature 
in each. 

How do ferns differ from other Pteropsida? 
How are they similar? 

What is a seed? Discuss the evolutionary 
antecedents of this reprodnetive structure. 
What is a fruit? Discuss the evolutionary 
relationships of this reproductive structure. 
In what main group of plants have fruits 
been evolved? 


Note: In seeking to review, students can apply 
the following questions to each of the plant phyla 
successively. 


rida 


Name one or more organisms belonging to 
this phylum and to each of its specified sub- 
divisions. 

Does the phylum display any unique fea- 
tures, not found in any other plant group? 
What are the phylogenetic relations of the 
group? Is the origin of the phylum known? 
Did it give rise to any other major plant 
group? What paleontological evidence is 
available in regard to these questions? 
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28. Are any of the plants in this phylum impor- sources of economically important materials; 
tant: (a) as a food supply for other organ- (d) from other viewpoints. 
isms; (b) from a medical viewpoint; (c) as 


FURTHER READINGS 


l. The Plant \World, 4th ed., by H. J. Fuller and 2. Botany, 3d ed., by C. L. Wilson and W. E. 
Z. B. Carothers; New York, 1963. Loomis; New York, 1962. 


Qo The Animal Kingdom 


THE PRINCIPLES of classification are es- 
sentially the same for both plants and ant- 
nials: “At a very early date, however, animals 
began to take a different path of cvolution. 
Consequently quite a different sect of tax- 
onomic criteria must be employed when one 
seeks to classify the animals. 


SOME IMPORTANT CRITERIA 


Active locomotion is much more charac- 
teristic of animals than of plants. Conse- 
quently the organs of locomotion are apt to 
be conspicuous among the distinctive fea- 
tures of an animal. One-celled animals (Pro- 
tozoa) are Classified primarily on the busts of 
thar locomotor organs; and among multi- 
cellular animals (collectively the Metazoa) 
these organs olten serve as important taxo- 
nomic criteria, Moreover, the sensory-neuro- 
muscular structures, avhich ‘likewise are in- 
strumental in the fulfillment of the food- 
getting and other movements of the animal, 
are apt to be distinctive in the different ani- 
mal groups. 

But in seeking to ascertain the evolution- 
ary status of an animal group, a wide variety 
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of questions must be considered. What is the 
cellular organization of the group? Is it unt 
cellular, colonial, or tru/y multicellular? Is 
the animal diploblastic or triploblastic? Are 
there any special features that are distinc- 
tive—in the embryo, or in the adult? How 
far has the differentiation of special tissues 
and organs progressed? What is the symmetry 
of the animal? Is it spherical, radial, or br- 
lateral? What is the character of the digestive 
system? Does it consist of gastric vacuoles: 
or is ita saccular or tubular system? What 1s 
the developmental status of the circulatory, 
respiratory, excretory, and skeletal systems? 
How did some higher animal groups man- 
age to invade the land, leaving the age-old 
aquatic environment of the ancestral species? 
What is the pattern of the reproductive struc- 
tures; and how have the reproductive proc- 
esses become adapted to land conditions? 
What is the mnportance of the group in na- 
ture and in human affairs? And above all, 
perhaps, what paleontological evidence is 
available? And what does this evidence ind1- 
cate as to the origin, antiquity, and specific 
relationships of each particular 
groupe 


animal 


THE PROTOZOA! (LITERALLY, FIRST 
ANIMALS) 


This fatrly large (about 20,000 species) 
phylum includes all one-celled animal or- 
ganisms. Most of the species are of solitary 
habit; but there are a number of colonial 
forms. Typically the nutrition is /olozorc; 
but one group, the Sporozoa, 1s entirely para- 
sitic; and there are some saprophytic species. 

Four main subgroups (here designated as 
classes) have been evolved: 

Class 1. 
tozoa with pseudopodia. 

The Mastigophora (Fig. 32-2). 
Protozoa with flagella (some- 
times called the Flagellata). 
The Ciliophora (Fig. 32-4). Pro- 
tozoa with cilia (at least during 
some= punt of the life-cycle): 
The Sporozoa (Fig. 30-7). Para- 
sitic Protozoa, without distinc- 
tive locomotor organs. 


Class 


Glass: 3: 


Class 4. 


1 Many zoologists helieve that the status of the Pro- 
tozoa should be raised to that of a Subkingdom of 
the Animalia. In this case, the four classes (see helow) 
of the Protozoa must be designated as phyla. In any 
event, the paleontological evidence indicates that the 
four groups of Protozoa initiated separate lines of 
evolution at a very early date (Fig. 29-11). 
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Fig. 32-1. 


The Sarcodina (Fig. 32-1). Pro-’ 
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The Sarcodina. All these one-celled animals 
possess pseudopodia. By definition, a pseudo- 
podium is an elongate retractable protrusion 
of the cytoplasm, which, in most cases, serves 
for locomotion. However, pseudopodia dis- 
play a wide variety of forms. They may be 
blunt and fingerlike (as in Amoeba and Dif- 
flugia, Figure 32-1); slender and needlelike 
(as in Actinosphaerium and Heltospaera, 
Fig. 32-1); stiff or flexible; branched or un- 
branched; clear or granular. But always a 
pseudopodium is a temporary protrusion, 
capable of retracting and reforming from 
time to time. 

The Sarcodina are quite numerous and 
varied. Some, like the Foraminifera, inhabit 
perforated calcareous shells; others, like the 
Radiolaria (for example, Heliosphaera, Fig. 
32-1), build beautiful intracytoplasmic skele- 
tons of siliceous material; and others, like 
the Amoeba, are unprotected except by a 
very delicate pellicle. 

During past ages, Radiolaria and Forami- 
nifera populated the sea in great abundance. 
In fact, the skeletal accumulations of these 
organisms, collecting on the floor of the 
ocean, played a dominant part in the deposti- 
tion of certain layers of sedimentary rock. 
Accumulations of Foraminifera form a gray- 
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Protozoo with pseudopodia: Class Sareodina. 
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ish mud (foraminiferous ooze), which gradu- 
ally may undergo transformation into chalk. 
One such deposit is represented by the beau- 
tiful ‘white cliffs of Dover” in which the 
shells of the original organisms can easily be 
identified microscopically. And even today 
foraminiferans and radiolarians are very 
abundant in the sea. 

Accumulations of the Radiolaria, on the 
other hand, usually undergo metamorphosis 
into siliceous rock (for example, flint). Today, 
indeed, a study of the distribution ol the 
ancient marine Sarcodina, especially the Fora- 
munifera, is very useful to petroleum geolo- 
gists who are searching lor new o1l fields. 

Also among the Sarcodina are a few para- 
sitic species. One of these, Endamoeba histo- 
lytica (sce ‘Table 32-1), is the causative agent 
ol amoebic dysentery, a rather serious human 
ailment. 

The Mastigophora, or Flagellata. (Fig. 
32-2). The flagellates form an cxtremely var- 
ied group. Some, hke Euglena (Fig. 32-2) and 
Volvox (Fig. 32-2), possess definite chloro- 
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TRACHELOMONAS 


plasts and can be classified either as plants 
or animals. Most are truly unicellular, but a 
large group, including Eudorina, Volvox, and 
related species, form colonial aggregates of 
very definite pattern. Such colonies provide 
a key to how multicellular organisms may 
have evolved. Indeed, some of these colonies 
(for example, F’olvox) display a clear differ- 
entiation between the germ and the somatic 
types of cells. The germ cells of lolvox, as 
in higher animals, are reproductive cells, 
which retain the potential of transmitting 
chromosomes to the next generation. The 
somatic or body cells, on the other hand, are 
the nonreproductive cells, in the wall of the 
colony, and cannot transmit chromosomes to 
the next generation. 

Some flagellates possess collarlike  struc- 
tures surrounding the origins of the flagella 
(Fig. 32-2). Such cells are strikingly similar 
to the collar cells (Fig. 16-2) of the Porifera, 
or sponges (p. 629). Moreover, there 1s con- 
siderable other evidence that indicates that 
the flagellates provided a main line of ascent 






Frida o2e2, 
Class 


Protozoa with flagella: 
Mastigophora. Note thot 
some forms are colonial. Also note 
the “collared” species, a Choono- 
flagellate, 


in the evolution of higher organisms, both 
plants and animals (Fig. 29-11). 

In addition to the many free-living species, 
there are a few parasitic Mastigophora, and 
some of these, especially the trypanosomas, 
are important medically. The two forms of 
African sleeping sickness,’ both very serious 
ailments, are caused, respectively, by Trypa- 
nosoma gambiense (Fig. 32-3) and Trypano- 
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Fig. 32-3. Trypanasoma gambiense, a human blood 
parasite, which causes one form of African sleeping 
sickness. Four flagellated specimens can be seen 
among the red blood cells. (Copyright, General Bio- 
logical Supply House, Inc.) 


soma rhodesiense, which are injected into the 
human blood stream by the bite of the tsetse 
fly. Also two disfiguring diseases, endemic in 
certain Asiatic and Mediterranean areas, 
namely kala azar and Oriental sore, are 
caused by tissue-invading flagellates of the 
genus Leishmania. A sizable number of other 


? African sleeping sickness should not be confused 
with encephalitis, which also may be called “sleeping 
sickness.”” Encephalitis is one of the virus diseases. 
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trypanosomes occur as blood parasites in 
various vertebrate animals. Two cattle dis- 
eases of the Orient, surra and nagana, are 
caused, respectively, by Trypanosoma evanst 
and Trypanosoma brucei. Both of these are 
transmitted by the tsetse fly, from local game 
animals, especially antelope, which also har- 
bor the parasites. Trypanosoma lewist, trans- 
mitted by fleas, is often found in the blood 
of rats; and various other Trypanosoma, 
transmitted by leeches, have been found in 
the blood streams of various fish, amphibians, 
and reptiles. 

The Ciliophora (Fig. 32-4). As the name 
Ciliophora denotes, all members of this class 
possess cilia. The group, however, is a diverse 
one, which is divided into two subclasses: 

]. The Ciliata are forms that possess cilia 
during all (active) stages of the life 
cycle. 

2. The Suctoria are forms that are ciliated 
during an early stage, but are noncili- 
ated later. The adult suctorian, in fact, 
is a sedentary animal. It fastens itself 
to the substratum and feeds by means 
of suction tentacles (Fig. 32-4, Podo- 
phyra). 

The Ciliata. Although Paramecium, un- 
doubtedly, is the most familiar representa- 
tive, there is a very rich variety of other 
Cihata that can be found in fresh, salt, and 
brackish waters, especially in quiet spots, 
where strong currents and heavy waves are 
absent. 

Most ciliates display a unique feature. 
Fach cell possesses two types of nuclei—one 
(or more) micronucleus, and one (or more) 
macronucleus (Fig. 7-3). This differentiation 
seems to represent a division of nuclear func- 
tions. The micronucleus, apparently, deter- 
mines the hereditary characteristics of the 
species and transmits these to the next gener- 
ation; whereas the macronucleus is more con- 
cerned with metabolic processes in the cell. 
However, nuclear reorganization may occur 
periodically. At such times a new macronu- 
cleus is formed from one of the micronuclei. 
In Paramecium, for example, nuclear reor- 
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Protozoa with cilio: Class Ciliophora. As odults, the Suctoria (e.g., 


Podophrya) have tentacles instead of cilia. 


ganization generally occurs lollowing ¢€on- 
jugation, shortly alter the zygote nucleus has 
been: formed; Or ‘it niay ‘occur in a single 
individual—either by autogamy or by endo- 
mixis. Essentially these latter processes of 
nuclear reorganization are similar, except 
that autogamy involves a fusion of two mi- 
cronuclei (within the same _ individual), 
whereas endomixis does not involve any nu- 
clear fusion. 

The nutrition of most Ciliata is holozoic, 
DiE-there are. a few parasitic species. “One 
mild intestinal inflammation in man is 
caused by a parasitic ciliate, Ballantidium 
coli. However, this form oceurs more tre- 
quently in the intestine of the pig. 

The Suctoria. Among the Suetoria the off- 
spring are produced by fission or by internal 
budding; and only the young individuals are 
active ciliated swimmers. Later each attaches 
itsell to the substratum by a stalk or disc, 
loses its ezlia, and develops tentacles (Fig. 
32-4, Podoplhyra). Some of these tentacles 
possess sticky knoblike tips, which hold the 


prey (usually some active ciliate), while 
other sharply pointed tentacles pierce the 
pellicle of the prey and conduct its cytoplasm 
into a flood vacuole within the suctorran. 

The Sporozoa. All Sporozoa are parasitic 
and they are probably the most widely dis- 
tributed of animal parasites. In faet, various 
Sporozoa parasitize almost all other animals, 
both Vertebrata and Invertebrata; and some 
of the most devastating diseases of man and 
other animals are caused by these unicellular 
parasites. These diseases include the various 
forms of malaria, in man; the coccidial dis- 
eases of fowl: and the red-water fevers of 
CAEIC. 

The malaria parasites all belong to the 
genus Plasmodium, and hke many parasites, 
these Protozoa display a very complex life 
eyele. This cyele (Fig. 30-7) ineludes two re- 
productive stages, which take place while the 
parasites are living in the mosquito, and a 
third very active multipheation (sporulation), 
which oecurs in the blood stream of man and 
other warm-blooded aninials. 


THE PORIFERA (LITERALLY, PORE BEARERS) 


These primitive multicellular animals, 
which commonly are called the sponges (Fig. 
32-5), constitute a relatively small (about 
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5000 species) phylum. Almost all sponges 
live in the sea, many in shallow waters. How- 
ever, some live at depths extending down to 
four miles; and there is one widely distrib- 
uted fresh-water family. Most familiar 
sponges are drab in color; but some of the 
less familiar species are brightly colored in 
various hues of red, orange-yellow, blue, and 
violet. 

All sponges display a relatively primitive 
structure. The body wall (Fig. 16-11), which 
surrounds the central cavity, consists of only 
two cell layers—an outer dermal layer and 
an inner gastral layer. These layers are sepa- 
rated by a thick gelatinous matrix, which 1s 
strengthened by numerous microscopic cal- 
careous or siliceous spicules, or by a network 


The Animal Kingdom - 629 


of delicate fibers, composed of a silklike pro- 
tein, spongin. Also a number of active amoe- 
boid cells, called amoebocytes, can be found 
wandering through the matrix. Some of the 
amoebocytes give rise to gametes, or to asex- 
ual buds, and thus they must be considered 
as potential germ cells. 

The gastral layer consists mainly of collar 
cells (Fig. 16-2). Individually these cells take 
small particles of organic food into gastric 
vacuoles, where all the digestive processes 
of the animal occur. Phe dermalMaver,on 
the other hand, consists of a poorly differ- 
entiated epithelium. 

‘The sponges do not have any excretory or 
respiratory organs and there are no clearly 
recognizable nerve or muscle cells. Some of 
the amoebocytes, however, tend to aggregate 
around the pores, which lead into the gastral 
cavity. In fact, these amoebocytes possess a 
fair degree of contractility and collectively 
they act to regulate the size of the pore open- 
ings. 

In commercially sold natural sponges (Fig. 
16-3), only the spongin part of the matrix 
remains after processing; and the calcareous 
and siliceous (glass) sponges are never used 
for cleaning purposes. 

The primitive status of the Porifera is in- 
dicated by (1) the radial type of symmetry 
(except in the lew asymmetrical forms); (2) 
the absence of well-defined tissues and or- 
gans; (3) the absence of a general digestive 
cavity (that is, digestion remains intracellular 
within the gastric vacuoles of the individual 
collar cells); and (4) the striking resemblance 
of the collared gastral cells (choanocytes) to 
the collared flagellates (choanoflagellates). 
The dermal and gastral layers probably are 
not homologous to the germ layers (ectoderm 
and endoderm) of higher animals, since in- 
vagination occurs from the animal pole of 
the developing sponge blastula, rather than 
from the vegetal pole, as in other multicellu- 
lar animals. The free-swimming larva of the 
sponge is called, in the blastula stage, an 
amphiblastula, because only the cells in the 
animal half are flagellated; and it is these 
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lagellated cells that become invaginated 
when the gastral cavity begins to form. 

All in all, the evidence indicates that the 
Porifera do not represent a main line lead- 
ing toward the evolution of Ingher animals. 
More probably they are a divergent group 
that originated at a very early date (Fig. 
oo). 


THE COELENTERATA 


Probably the most familar member of this 
relatively small (10,000) species) primitive 
metazoan phylum is Hydra (Fig. 3-12). How- 
ever, the Portuguese man-ol-war (Fig. 32-6), 
the jellyfishes, sea anemones (Fig. 32-7), and 
coral animals are also coelenterates of fairly 
common occurrence. 

Distinguishing Characteristics of the 
Phylum. (1) Coelenterates display an essen- 
tially saclike structure (Fig. 16-4). Only one 
opening, which is called the mouth, com- 
municates between the internal cavity and 
the outside environment. The cavity itself 
represents a saccular type of enteron, since 
some digestion occurs here; but also it may 
be called a gastrovascular cavity, because it 
tends to distribute food particles as well as 
to digest them. Also the cavity sometimes is 
called the coelenteron, since this one cavity 
substitutes for the two cavities (coelom and 
the enteron) ol higher animals. 

(2) The body wall of the coelenterate con- 
sists of only two layers of cells (Fig. 32-8). 
However, the outer ectodermal layer is sepa- 
rated from the inner endodermal layer by an 
essentially noncellular matrix, called the 
mesoglea. In Hydra, this matrix is relatively 
thm and inconspicuous; but in many other 
coelenterates (for example, Jellyfishes) it con- 
stitutes the bulk of the body. Such a diplo- 
which only two 
(ectoderm and endoderm) of the primary 
germ layers are represented, stands in distinct 
contrast to the triploblastic organization of 
higher animals, in which a third germ layer, 
the mesoderm, is always represented. 

(3) The cells of the coelenterate show con- 


blastic organization, in 





Fig. 32-6. The Portuguese man-of-war, Physalia pela- 
gica. Note the gas-filled saillike floot, which is obout 
1 foot long and richly colored in iridescent hues of 
purple and green. Also note the fish, ensnored in the 
very long tentacles. Actually this coelenterate rep- 
resents a colony of multicellular individuols: some spe- 
ciolized for stinging prey, some for feeding, and some 
for reproduction. (New York Zoological Society Photo.) 


siderable differentiation as to form and func- 
tion but not to the extent found in higher 
animals. As is shown in Figure 32-8, these 
cell: types: include: (a) prinvitive nerve cells. 
called protoneurons; (b) gland cells; (c) epi- 
theliomuscle cells; (d) mematoblasts (see 
below); and (e) interstitial cells. 


(+) The different kinds of cells tend to be 
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Fig. 32-7. A sea anemone. Phylum Coelenterata; Class Anthozoa. This glass model shows one exponded speci- 
men (on the right), with mony elongate tentacles surrounding the mouth; and one contracted specimen (on the 
left). Both individuals ore of the some species (Megaloctis friffithsi) and both are attached to a rock. (Courtesy 


of the American Museum of Notural History, New York.) 


scattered rather diffusely throughout the 
body of the coelenterate. In other words, the 
cells are not aggregated into clearly recog- 
nizable tissues, such as are found in higher 
animals. 

(5) The symmetry of the coelenterate body 
is radial, rather than bilateral (as in higher 
animals generally). 

(6) All Coelenterata possess nematoblasts 
(Fig. 32-8). These highly specialized cells 
enable the animal to capture a variety of 
small active food organisms. Each nemato- 
blast contains a tiny bladder, called the nema- 
tocyst, from which a coiled thread, the nema, 
can be discharged forcibly and instantane- 
ously. There are several kinds of nema, how- 
ever. Some are sharply pointed syringes that 
can inject a paralyzing substance (hypno- 
toxin) into the prey. But others are merely 
coils, which may be single or multiple. Some 
such coils are laden with a sticky secretion, 


while others are armed with microscopic 
barbs, and these structures are very effective 
for snaring and holding prey while it is 
being paralyzed by the stinging nemae. 

(7) Digestion in the coelenterate is partly 
extracellular—by means of enzymes secreted 
by gland cells into the saccular enteron—and 
partly intracellular—in the individual food 
vacuoles of the flagellated cells of the en- 
teron. A larger mass of food material soon 
disintegrates as it begins to be digested in the 
enteron. Then the smaller bits of organic 
food are picked up by the flagellated cells. 
Thus Coelenterata (and Porifera) seem to 
have retained, to a greater or lesser extent, 
the digestive mechanisms of their unicellular 
forebears. 

(8) All Coelenterata possess a number of 
tentacles, grouped around the mouth, and 
these are armored with an especially heavy 
concentration of nematoblasts. No head is 
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Hydra. Diagram of cellular structure. Nate the different types af cells and the 


absence af clearly organized tissues and organs. 1, nematoblast; 2, interstitial cell; 3, ecto- 
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recognizable and there are no other well- 
developed organs. Sometimes the body is 
covered by a horny, but delicately transpar- 
ent envelope as in the case of Obelia (Fig. 
32-9). Also many Coelenterata, especially the 
coral animals, secrete supporting structures 
at the basal (attached) end of the body. Usu- 
ally these are composed of calcareous mate- 
rial, but sometimes they have a protein com- 
position. 

(9) All Coelenterata are aquatic, chiefly 
marine. 

Classes of the Phylum Coelenterata. Three 
distinct classes have been evolved among 


coelenterate animals. These may be listed as 
follows: 

Class 1. The Hydrozoa (Hydra, Obelia, and 
Related Farms). At some stage in the hfe cycle, 
typical Hydrovoa tend to resemble Hydra. 
Many are colonial, however. Also many dis- 
play an alternation of generations, which 1s 
a phenomenon quite rare in the animal king- 
dom. In the case of Obelia (Fig. 32-9), for 
example, the asexual hydroid generation is 
represented by the colonial form of the or- 
ganism, in which the individual members of 
the colony display a hydralike form; whereas 
the sexual medusoid generation takes the 
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rare phenomenon in the Animal Kingdom. (By permission, from Generol Zoology, by Tracy |. Storer. McGraw- 


Hill Book Co., Inc.) 


form of a small jellyfish, which 1s called a 
medusa. 

Class 2. The Scyphozoa (True Jellyfishes). 
These coelenterates resemble the medusa of 
Obelia, except that they usually are larger 
and have a greater abundance of gelatinous 
mesoglea. Also the Scyphozoa do not have 
any velum, the sheet of tissue that partially 
closes off the subumbrellar space in hydro- 
zoan medusae (see Fig. 32-9). A hydroid form 
appears very transiently during embryonic 
development. 

The multitude of stinging cells on the long 
tentacles of some of the larger Scyphozoa may 
represent a painful hazard for unwary swim- 
mers. The largest kind of jellyfish, Cyanea, 
is a blue and orange giant with a diameter 
up to 12 feet and tentacles up to 90 feet in 
length. However, this species 1s rarely seen 
along the Atlantic or Pacific coasts of North 
America, except perhaps in the most north- 
erly parts. 


Class 3. The Anthozoa (Sea Anemones and 
Corals). No medusoid stage is present. “he 
general form is somewhat suggestive of 
Hydra, except much more complex. A gul- 
let, which resembles an inverted hypostome 
(Fig. 16-4), is always present. Also there are 
sheets of tissue called septa, which pass radi- 
ally inward from the body wall, subdividing 
the enteric cavity and increasing its digestive 
capacity. Colonial forms are frequent. 

The anemones produce no skeletons but 
the closely related corals often produce elab- 
orate supporting structures at the basal (at- 
tached) end of the body (Fig. 32-10). These 
may be predominantly calcareous, as in the 
case of the red jewel coral, Corallium; or 
they may be composed of a horny protein, 
gorgonin, as in the case of the beautiful sea 
fan, Gorgonia. 

Some of the colonial corals, which are ex- 
tremely abundant in warmer (20° C and 
over) parts of the oceans, have played a dom1- 
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Fig. 32-10. 


nant role in the building of coral reefs. 
Undoubtedly the greatest of all coral reefs 
is the Great Barrier Reef, which extends more 
than a thousand miles along the northeast 
coast of Australia, at varying distances up to 
about 80 miles offshore. However, smaller 
coral reefs are very common im South .\t- 
lantic and South Pacific regions. Layer alter 
layer of calcareous deposits, representing 
countless generations of living animals, tend 
to accumulate in the warm shallow offshore 
waters, at a rate (measured under present-day 
conditions) varying [rom 5 to 200 millimeters 
annually (see Fig. 32-11). 








rocky oceanic islet 
encircled by 
fringing coral reef 


Fig. 32-11. 
Starer. McGraw-Hill Book Co., Inc.) 





reef enlarges 
as land sinks 
(or sea level rises) 


Darwin’s concept af how coral reefs are farmed. (By 





Skeletal supporting and attaching structures af variaus caral animals. Caral reefs are built mainly 
of such structures, which may accumulate enarmausly through the years. (Courtesy of Ward’s Natural Science 
Establishment.) 


Phylogeny of the Coelenterata. Coelen- 
terate fossils extend back into formations of 
early Cambrian period—which demonstrates 
avery ancient origin. Also the embryological 
pattern other evidence indicate that 
some of the early Coelenterata represent a 
main line in the evolutionary ascent of all 


and 


major groups of higher animals (Fig. 29-11). 


THE CTENOPHORA (LITERALLY, COMB 
BEARERS) 

The animals m this small group (only 80 
species) of exclusively marine forms resemble 






coral reef around > 
an atoll] (with further 
change in level) 





permission fram General Bialagy, by Tracy l. 


smal] jellyfishes, except that they may be 
of clifferent shapes. In fact, formerly the 
ctenophores (pronounced—tén-o-fores) were 
classified as coelenterates. There are, how- 
ever, a number of important differences, and 
these seem to justify placing the “comb jel- 
lies” in a separate phylum, the Ctenophora. 

Distinguishing Features. Ctenophores com- 
monly are called comb jellies, because each 
displays eight radially arranged rows of cilia, 
called “combs” (Fig. 32-12). The cilia permit 
these floating animals to move very slowly 
through the water. But ctenophores are very 
feeble swimmers. Great numbers of them 
often drift together in the tides; and some- 
times many are thrown up on the beach 
when a strong onshore wind is blowing. 

Many Ctenophora are also known as sea 
walnuts, because they are about the size and 
shape of the common walnut. In the sea, the 
comb jellies appear as transparent ghosts of 
rare and delicate beauty. By day they show 
iridescent hues of blue and rose; and at 
night they emit a faintly glowing light from 
eight rows of luminescent cells, along the 
bases of the comhs. 






GASTROVASCULAR 
CAVITY 


MOUTH 


Fig. 32-12. One of the comb jellies: Phylum Cteno- 
phora. Note the combs. These animals show iridescent 
calors by day and a faint luminescence by night. 
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Ctenophora and Coelenterata resemble 
each other in several respects. Both have a 
saccular (rather than tubular) enteron in 
which the mouth opening serves for egestion 
as well as for ingestion; both have an abun- 
dant, usually gelatinous, mesoglea separating 
the outer ectodermal and the inner endo- 
dermal] cell layers. However, the mesoglea ol 
the ctenophores contains well-developed. 
though scattered, muscle fihers and very nu- 
merous amoehocytes. Many biologists, there- 
fore, consider that the Ctenophora possess a 
primitive mesodermal layer, which would 
identify them as triploblastic animals. Cteno- 
phores have only two tentacles and mo nema- 
tohlasts; and all species are hermaphroditic. 
Moreover, the symmetry, while basically 
radial, shows some tendency toward bilater- 
ality in the placement of some structures. 
And finally, a greater tendency toward the 
development of definite organs is found 
among the Ctenophora. Most species possess 
an equilibrium organ, or statocyst (similar 
to the one depicted in Fig. 23-7) with nerve 
connections leading to the muscle fibers; and 
usually there are definite ducts which con- 
duct the eggs and sperm from the internally 
placed gonads to the outside. 

Ctenophora do not produce any hard skele- 
tal materials and consequently a fossil record 
of ancient forms is virtually lacking. How- 
ever, their general similarity to the Coelen- 
terata, both as to structure and development, 
leads to the belief that the ctenophore stock 
was very close to the direct evolutionary line 
that led to the development of higher ani- 
mals. 


THE PLATYHELMINTHES (LITERALLY, 
FLATWORMS) 


Although it includes only about 7000 spe- 
cies, this phylum is a very important one. 
some of the flatworms are small free-living 
animals such as Planaria (Fig. 16-7). These 
live mainly in quiet waters (both fresh and 
salt), although there are a few land species, 
which live in moist, swampy places. But a 
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large majority of flatworms are parasites, in 
man and many other animals. 
there are many pathogenic species. In fact, 
intestinal flukes, liver flukes (Fig. 32-13), 
blood flukes, and tapeworms (Fig. 52-]4) may 


\Ioreover 


cause serious illnesses in the various host 
organisms which they infect 

Characteristics of the Phylum. Some very 
yNportant characteristics of higher annnals 
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blastic organization, in which an unmistak- 
able mesoderm is represented; and (4) the 
development of well-defined and 
organ systems. However, the Platyhelminthes 
also have many primitive features: (1) When 
present, the enteron is of the saccular (rather 
than the tubular) type. (2) Food vacuoles fre- 
quently are formed by the cells lining the 


organs 


enteron. (3) No true body cavity, or coelom, 
is present. (1) No definite skeletal respira- 
tory, or circulatory organs occur. (5) Locomo- 
tion (in free-lving forms) 1s by means of 
cilia. 

Bilateral symmetry probably originated 
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Fig. 32-13. Stained specimen of a parasitic flatwarm, the liver fluke (Clonorchis sinesis). This adult trema- 


tode infests the human gall bladder. Other stages in the life cycle are shown in Figure 32-16. (Copyright, 


General Biological Supply Hause, Inc.) 





(sections) of topeworm from human intestine, 


Fig. 32-14. Scolex (“head”) and young proglottids slightly 
enlarged. Note the ring of hooks (extreme left) and the suckers (immediately to right af hooks) with which 
the worm fastens itself to the intestinal wall. (Copyright, Generol Biological Supply House, Inc.) 


when animals began to move mainly in one 
direction and began to maintain a more or 
less constant orientation of the body. Appar- 
ently the forward, or anterior, end of the 
animal, which first encounters changes in 
the environment, tended to become different 
from the trailing posterior end; and consist- 
ent differences in the environment above and 
below the antmal led to a differentiation be- 
tween the upper (dorsal) and the lower 
(ventral) aspects of the body. The right and 
left sides, on the other hand, would encounter 
approximately the same conditions, and 
would not become different. Moreover, ceph- 
alization, which is a tendency toward the de- 
velopment of a “head” part of the body, 
seems to lave resulted from a concentration 
of special sense organs at the anterior end. 
Thus we find the light-sensitive eyespots and 
the touch-sensitive auricles of the planarian 
(Fig. 16-6) near the anterior, or leading, end 
of the animal, where most new stimuli im- 
pinge. 

The bulk of the body of the flatworm con- 
sists of tissues derived from the mesoderm. 
The mesoderm intervenes between the ecto- 
dermal epithelium, covering the outer sur- 
face, and the endederma] epithelium, lining 
of the complexly branched gastrovascular 
cavity (Figs. 16-6 and 16-8). The mesodermal 
tissues include a complicated set of well- 
developed muscle fibers, as well as various 
excretory and reproductive structures and 
scattered germ cells (Fig. 32-15). 

‘The numerous germ cells in the mesoderm 
give rise to gametes, and also they are re- 
sponsible for the remarkable regenerative 
powers displayed by planarians. Between the 
other mesodermal structures, there is a syncy- 
tial network of loosely arranged parenchyma 
tissue; and the spaces within this network 
are filled with body fluid, or hemolymph 
(p. 318). 

Flatworms are perhaps the simplest ani- 
mals in which well-defined organs and organ 
systems can be recognized. As may be seen 
in Figure 32-15, these include: (1) the ovaries, 
testes, and ducts of the reproductive system; 
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Fig. 32-15. Planaria, one of the free-living Platy- 


helminthes; diagram of internal structures. Flatwarms 
are among the simplest animals that shaw definite 
argans ond argan systems. 


(2) the ganglia and nerve strands of the nerv- 
ous system; and (3) the flame cells and ducts 
of the excretory system. 

Classes of the Platyhelminthes. This phy- 
Jum can be divided naturally into the follow- 
ing three classes: (1) the Turbellaria; (2) the 
‘Trematoda; and (3) the Cestoidea. 

Class 1. The Turbellaria. ‘hese are mainly 
free-living flatworms, such as planarians, in 
which the ectodermal epithelium of the lower 
surface is ciliated. Generally these animals 
range between one to three cm im length, 
although there are a few sennmicroscopic 
species and a few that reach a length of five 
inches. 

Class 2. The Trematoda, or Flukes. (Fig. 
32-13). These flatworms are all parasites, with 
adult stages usually found in various verte- 
brate animals. Cilia are present in a larval 
stage (the miracidium), but the adult body 1s 
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covered by a protective cuticle. At least one 
sucker is present and often one sucker sur- 
rounds the anteriorly placed mouth, which 
leads into the enteron. The food generally 
consists of the tissues of body fluids of the 
host, sucked tnto the enteron by action of a 
muscular pharynx (Fig. 32-13). A few are 
external parasites of various fish, amphibians, 
and reptiles and these tend to have a rela- 
tively simple life cycle. Most, however, are 
internal parasites. They may live in the in- 
testine (intestinal flukes), bile ducts, or gall 
bladder (liver flukes), or even in the blood 
stream (blood flukes); and all have a complex 
hte cycle. At least one stage of the cycle is 
spent in an invertebrate host, usually a snail 
or other mollusk (Fig. 32-16). 

SOME "TREMATODE Diseases. A number of 
Trematoda are human parasites of consider- 






Adult fluke 


Fig. 32-16. 






able medical importance. More than half 
the population in certain parts of China and 
India carry chronic infections of the intes- 
tinal fluke, Fasciolopsis buski. This parasite 
infects man (and sometimes dogs and cats) 
by way of an encysted larval stage found on 
certain water plants that are eaten raw. Also 
there is another larval stage found in the 
tissues of a fresh-water snail. 

The commonest human liver fluke, Clo- 
norchis sinensis, likewise has a wide distribu- 
tion in the Orient. This fluke, as may be 
seen in Figure 32-16, has a larval (redia) stage 
in a snail; but the encysted stage (metacer- 
caria) occurs in the skin and muscles of cer- 
tain fish. Thus human infection occurs when 
the raw fish is eaten by man. 

Various blood flukes, of the genus Schisto- 
soma, are fairly frequent in certain coun- 
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Life cycle of the “Chinese liver fluke’ (Clonorchis sinensis). Such a 


cycle, in which the parasite must pass through a mollusk (the snail) before rein- 
fecting a vertebrate, is typical of this group of trematodes. (From General Zool- 
ogy, by Miller and Haub. Holt, Rinehart and Winston, Inc.) 


tries; and some of these are found in cattle 
and domestic animals, as well as in man. 
Generally, the adult flukes are found cling- 
ing to the walls of the large veins of the 
abdomen; but the eggs leave the human 
body via the urine or feces. Various snails 
serve as intermediate hosts for the sporocyst 
stages and the fork-tailed actively swimming 
(cercaria) larvae gain entrance into another 
human host by penetrating the skin of a 
bather, or via the drinking water. Typically 
the males and females of Schistosoma are 
never separated from each other. The broadly 
flattened male is longitudinally folded, form- 
ing a groove that encloses the very slender 
threadlike female. 

Class 3. The Cestoidea (Tapeworms). (Fig. 
32-14). Some of these elongate parasitic flat- 
worms may measure as much as 75 feet in 
length. As the common name implies, the 
Cestoidea display a flattened tapelike form. 
As adults, all live in the intestinal tracts of 
various vertebrates (Fig. 32-17). Here they 
attach themselves to the gut wall by means 
of (usually) four suckers and a ring of for- 
midable chitinous hooks (Fig. 32-14). The 
headlike attaching section of the worm, 
which bears the hooks and suckers, is called 
the scolex; and the rest of the body is made 
up of sections (not equivalent to the true 
segments, or somites, of higher animals), 
which are called proglottids. ‘Che proglottids 
near the scolex are relatively small and im- 
mature. New ones are continually being 
budded off from the scolex. ‘Thus the pro- 
glottids farther away from the scolex are 
older, larger, and swollen with eggs. Food 
substances are absorbed directly into the 
worm’s body from the surrounding intesti- 
nal contents of the host; that is, the tapeworm 
itself does not have any digestive tract. In 
fact, most of the organ systems tend to be de- 
generate, except for the reproductive system, 
which is highly developed. In each ripe pro- 
glottid there are dozens of small testes, at 
least one large ovary, and a complex system 
of accessory reproductive structures. Flame 
cells are present, connected to two longi- 
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tudinal excretory ducts that extend through 
the successive sections. Also there are six 
strands of nervous tissue that pass length- 
wise through the proglottids. 

Cestoidea, compared to Trematoda, have a 
relatively simpler life cycle. This is indicated 
in Figure 32-17, which gives the cycle of the 
pork tapeworm, Taenia solium, a rare para- 
site of man. Ripe proglottids, swollen with 
eggs (often self-fertilized) pass from the 
human intestine with the feces (Fig. 32-17). 
Before it is liberated from a proglottid, each 
egg develops into a six-hooked embryo, the 
onchosphere, which lies inside a tough en- 
velope (Fig. 32-17). The juices of the pig’s 
intestine digest away the envelopes, liberating 
the active hooked larvae. These penetrate 
into the blood stream of the pig, and the 
blood carries them to the muscles. Here each 
larva encysts and undergoes metamorphosis 
into a cysticercus, or bladder worm (Fig. 
32-17). The bladder worm possesses a very 
small inverted scolex, which lies near the 
center of a fluid-filled bladder; and the blad- 
der, in turn, is enclosed by a cyst wall. If 
incompletely cooked (pink) pork, derived 
from an infected hog, is eaten by a man, the 
cyst wall digests away, the bladder everts, 
and the scolex of the young Taenta attaches 
itself to the intestinal wall. The young worm 
then develops rapidly. In four to five weeks 
it may become an adult, about 20 feet long, 
which will produce thousands of ripe egg- 
laden proglottids in the next generation. 

The life cycles of various other tapeworms 
also have been worked out. Perhaps the most 
important of these are: (1) Taenia saginata, 
the beef tapeworm (adult stage in man; larval 
stages in beef muscle; length up to 75 feet); 
(2) Dibothriocephalus latum, the fish tape- 
worm (adult stage in man and other fish- 
eating mammals; one larval stage in Cyclops 
and other small fresh-water Crustacea; inter- 
mediate stage in muscle (flesh) of carp, perch, 
and other fresh-water fish; length up to 30 
feet); (3) Dipylidium caninum, the dog tape- 
worm (adults in dogs, cats, and (rarely) man; 
larval stage in certain lice and fleas; length, 
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Fig. 32-17. Life cycle of the “pork tapeworm” (Taenia solium). Careful meat inspection has reduced the inci- 
dence af this cestode parasite; but still it is not safe to eat undercooked pork. 


only one to two feet); and (4) Echinococcus 
granulosus, the hydatid worm (adults, less 
than one inch long, in dogs, wolves, and other 
carnivores; huge multiple larval cysts, called 
hydatid cysts, up to two-inch diameters, 
found in the brain and other organs of man, 
monkeys, and various domestic animals; cysts 
may inflict serious damage or even death 
upon the host; about 500 human cases re- 
ported in United States to date). 

Phylogeny. Not much definite information 
is available in regard to the evolutionary ori- 
gin of the Platyhelminthes. None possesses 
any skeletal parts and virtually no fossil 
flatworms have been found in the earlier 
geological strata. However, judging from 
other evidence—the symmetry, mesodermal 
organization, embryological development, 
and so forth—it seems probable that the 
early flatworms initially followed the main 
line that led to the evolution of most of the 
higher animals (Fig. 29-11), before divergence 
occurred. 


FIVE PROBLEMATICAL PHYLA 


There are a number of lowly invertebrate 
groups,’ generally considered as phyla, among 
which the evolutionary relationships are 
quite obscure. Five of these—the Nemer- 
tinea, Nemathelminthes, Rotifera, Bryozoa, 
and Brachiopoda—are relatively more im- 
portant. These will be considered in very 
brief fashion, more or less collectively. 

All representatives of the foregoing groups 
are bilaterally symmetrical. But even more 
significantly, all possess a tubular type of 
enteron. Jhis represents an important ad- 
vance that becomes established as a standard 
feature in higher animals generally. Some of 
these five groups show the first appearance of 


3In addition to the ones mentioned above, there 
are quite a few other small and obscure groups, for 
which no generally accepted classification has been 
worked out. These include: the Mesozoa, Entoprocta, 
Gastrotricha, Kinorhyncha, Nematomorpha, Acantho- 
cephala, Phoronidea, Chaetognatha, Sipunculoidea, 
Priapuloidea, Echiuroidea, and, perhaps, one or two 
others. 
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a true body cavity, or coelom, and the first 
clearly defined blood vessels—two other fea- 
tures that are standard in all higher forms. 

The coelom is a mesodermal cavity. It is 
important because it separates the body wall 
from the wall of the enteron. ‘This allows the 
movements of the body to become independ- 
ent of the movements of the digestive tract 
(see discussion, page 279). Moreover, the 
tubular enteron allows the digesting food to 
follow a “one-way trafhce’’ route; and this mn 
turn permits the successive parts of the diges- 
tive tract to become differentiated and spe- 
cialized in a more efhcicnt manner. Each part 
of the tube can become uniquely designed to 
perform some particular part of the work of 
digestion and absorption, as in the digestive 
tract of man (Fig. 16-11) and of other higher 
animals. 

The Nemertinea, These animals (Fig. 32- 
18), which commonly are called ribbon 
worms or proboscis worms, are represented 
by about 500 species, mainly marine, with 
soft, flat, unsegmented bodies. Sometimes 
they are white, but more often they are col- 
ored (red, brown, green, or yellow). Usually 
the nemertines are only a few inches long; 
but there is one species that can reach a 
length of 75 feet. 

Sometimes the nemertines are grouped 
with the flatworms. The mesoderm consists 
mainly of loosely arranged tissue in which 
no definite coelomic cavity Is present, al- 
though there are some flame cells. Unlike 
the flatworms, however, nemertines have a 
tubular digestive tract; and there are threc 
poorly differentiated “blood vessels” running 
lengthwise through the mesoderm (Fig. 32- 
18). Characteristically, the food-catching ap- 
paratus is an elongate muscular proboscis, 
sometimes tipped with a sharply pointed 
stylet, which the animal forcibly throws out 
from its anterior end (Fig. 32-18). 

The Rotifera (Fig. 32-19). Most of these 
“wheel animals” are of microscopic size. In 
fact they are scarcely larger than most Pro- 
tozoa, among which they often live. Many 
different species can usually be found in quiet 
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A nemertine worm; diagram af essential 


streams and ponds, or even in wayside pud- 
cles. 

The rotifers, nevertheless, are multicellu- 
lar, bilaterally symmetrical, triploblastic ani- 
mals, which possess a complete tubular di- 
gestive tract (Fig. 32-19). Also there is a body 


cavity in the mesoderm. However, this cavity 
is Called a pseudocoel, rather than a coelom, 
since it does not possess any definite epithelial 
lining, or peritoneum (p. 298). Characteristi- 
cally, the head end of the cylindrical body 
bears two circlets of active cilia, which tend 
to resemble whirling microscopic wheels. The 
tapered tail usually terminates by forking 
into two sharply pointed (frequently sticky) 
toes, by which the animal can attach itself 
to the substratum (Fig. 32-19). 

Of the 12,000 or so known Rottfera, al- 
most all are Iree-living, solitary species, in- 
habiting fresh water. However, a few live 
in salt water and a few are parasitic. No 
fossilized Rotifera have been found, prob- 
ably because they do not form any mineral- 
ized supporting or encasing structures and 
because they are so very small. 

The Bryozoa. These so-called “moss ani- 
mals” grow in colonies of a size and shape 
that may have a rough resemblance to clumps 
of mosses. Encrusting a submerged rock or 
pile in shallow parts of the sea, they may also 
look like colonial Hydrozoa (p. 632). Bryo- 
zvoan colonies, like those of the Hydrozoa, 
are usually covered by a chitinous or calcare- 
ous envelope. 

Structurally, however, the individuals of 
a bryozoan colony are more complex (Fig. 
32-20). Each is a triploblastic, bilaterally sym- 
metrical animal. Also each possesses a com- 
plete tubular kigestive tiiict atid <a \ef ie coe: 
lom, which is definitely delimited by a peri- 
toneal lining. Characteristically, the mouth 
is surrounded by a horseshoe-shaped_ struc- 
ture, bearing a number of ciliated tentacles, 
called the lophophore (Fig. 32-20). The di- 
gestive tract is V-shaped, so that the anal 
opening discharges the fecal wastes outside 
the protective envelope in the region border- 
ing the lophophore (Fig. 32-20). There is a 
nerve ganglion situated between mouth and 
anus, but no circulatory, respiratory, Or exX- 
cretory organs are present. 

Fosstl remnants of the Bryozoa are widely 
distributed in geological strata extending 
back to the Ordovician period; and many 





Fig. 32-19. 
size, these are multicellular animals with a foirly complex structure (see text). 
(From General Zoology, by Miller and Haub. Holt, Rinehart ond Winston, Inc.) 


species, originally prevalent, have since he- 
come extinct. The Bryozoa, by forming thick 
encrustations in shallow marine waters, co- 
operate significantly with the corals in build- 
ing reefs (p. 634). Petroleum geologists study- 
ing core samples obtained from test drillings, 
find bryozoan fossils very helpful when they 
are searching for new deposits of oil. 

The Brachiopoda or Lamp-shell Animals. 
Only about 200 species of these two-shelled 
(bivalved) animals (Fig. 32-21) have survived 
from the richly varied ancient population 
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Various rotifers, or “‘wheel animals.’ Despite their microscopic 


that once attached themselves to the rocky 
bottom in shallow parts of the sea through- 
out the world. Superficially the Brachiopoda 
look like little oysters or other bivalved 
mollusks. However, the valves of the brachio- 
pods are not placed on the sides of the ani- 
mal. Rather, there ts one dorsal valve, which 
lies above the other ventral valve. The name 
“lamp shell” refers to the shape of the ven- 
tral valve. This tends to resemble the ancient 
open type of oil lamp, which once was com- 
monly used by Greek and Roman peoples. 
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Fig. 32-20; 
showing structure of one individual animol. Note the 
ovicularium, a pincerlike structure thot serves to clip 
awoy debris and encrusting organisms from the surface 
of the colony. In fossilized Bryozoa, the aviculoria 
(which represent highly modified individuals in the 
colony) tend to be very well preserved. 


A bryozoan (Bugula); parl of colony, 


Typically, each animal attaches itself to the 
substratum by means of a fleshy muscular 
stalk called the peduncle (Fig. 32-21). 
Much of the space within the shells (Fig. 
32-21) is occupied by a coiled many-tentacled 
lophophore. This can be extended forth an- 
teriorly through the gap between the valves, 
when feeding is in progress. The body proper, 
which occupies a posterior position within 
the shells (Fig. 32-21), displays a bilateral 
syminetry, a well-developed mesoderm, a 
complete (usually tubular digestive tract, 
and a fully lined coelomic cavity. Also there 
is a primitive hollow muscular heart, which 
maintains an irregular flowing of the coe- 
lomic {luid, even though no blood vessels 


are present. Two to four primitive nephridia 
(p. 311) are present as excretory organs, but 
no specialized respiratory organs have been 
developed. 

Fossilized brachiopod shells (Fig. 32-22) 
are prevalent in marine rock strata extending 
back into the Cambrian period; and the 
record shows that the modern surviving kinds 
of Brachiopoda are relatively few in compari- 
son with the number ef species that have be- 
come extinct. One modern genus (Lingula) 
represents perhaps the oldest of surviving 
multicellular animal groups. This animal has 
changed very little indeed since it first ap- 
peared in the Ordovician period more than 
450 million years ago. 

The Nemathelminthes, or Nematodes. An 
amazing number and variety of these elongate 
cylindrical animals (Fig. 32-23) are found in 
various fresh-water bodies and in rich moist 
soils. Among the (roughly) 12,000 species of 
Nemathelminthes, most are free-living, but 
there are also quite a few parasitic species. 
Moreover, some of the parasitic nematodes 
are very important from a medical point of 
view. 

Typically the elongate nematode body 
tapers at both ends, although usually the 
posterior end is more sharply pointed (Fig. 
32-23). Many roundworms are microscopic, 
but a majority range between | and 10 mm 
in length; and one species, the guinea worm, 
which is a subcutaneous parasite of man, 
may reach a length greater than a meter. The 
free-living forms, which can easily be seen 
when one examines almost any sample of 
good soil under the microscope, display a 
characteristic thrashing type of movement. 
The worms keep coiling and uncoiling rap- 
idly and continuously. 

Typically the Nemathelminthes are triplo- 
blastic, bilaterally symmetrical, nonsegmented 
animals, with a complete tubular digestive 
tract (Fig. 32-23). The body cavity is a 
relatively small unlined pseudocoel. No pro- 
boscis or lophophore is present; and there 
are no clearly differentiated respiratory or 
circulatory organs. One or two nephridia 
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A modern brachiopod (Tentaculata). A, diagram of internal struc- 


ture; B, phato of three clustered individuals. (From General Zoology, by Miller 
and Haub. Holt, Rinehart and Winston, Inc.; lower photo, copyright, General 


Bialogical Supply House, !nc.) 


may be present; and typically there is a ring 
of nervous tissue around the esophagus. 
Generally the sexes are separate and the 
males are distinctly smaller than the females. 

Some parasitic nematodes are very harm- 
ful, economically and medically. The young 
of the common garden nematode (Hetero- 
dera mariont) penetrate and feed upon the 
root tissues of quite a number of garden and 
crop plants. These cause root swellings, or 
galls, which may be very detrimental to the 
yield. The “golden nematode” seems to have 
entered this country quite recently, but al- 
ready it is doing considerable damage to 
several crops, especially potatoes, in locali- 
ties where the infestation is heavy. 

Among medically encountered Nema- 
thelminthes, hookworms, trichina, and filarial 
worms are perhaps the most important. The 
common American hookworm  (Necator 
americanus) stunts the growth and saps the 


strength of many unfortunate individuals in 
some poorer localities where good sanitation 
facilities are lacking and where people tend 
to go barefooted. Eggs of the hookworm enter 
the soil with the feces, and the active young 
larvae penetrate the delicate skin of the vic- 
tim, usually on the sides of the foot near the 
toughened sole. In the body, the larvae mi- 
grate to the lungs via the blood stream. Then 
they craw] out of the lung, up through the 
trachea, and into the digestive tract. The 
adult worm, usually about 10 mm long, at- 
taches itself to the intestinal wall. Here it 
feeds upon blood, lymph, and bits o! tissue, 
obtained by means of the cutting action of 
the minute teeth of the mouth and the suck- 
ing action of the worm’s muscular pharynx. 
Infection by fifty to a hundred adult hook- 
worms seriously impairs the health of the 
host. Internal bleeding from the many small 
intestinal wounds is aggravated by an antl- 
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Fig. 32-22. 


Fossilized shells of an extinct brachiopod, 
Spirifera vanuzemt. Extinct species tar autnumber all 
modern surviving brachiapods. (Courtesy of the Ameri- 
can Museum of Natural Histary, New Yark.) 


coagulant present tn the mouth secretions of 
the worm. Consequently grave anemia may 
result in heavily infected persons. 
Trichinosis, caused by the trichina worm 
(Trichinella spiralis), and elephantiasis, 
caused by a filarial worm (IVuechereria ban- 
croftt) are diseases of mutch rarer occurrence, 
especially in this country. However, mild in- 
fections of trichtna, in which scarcely any 
syInptoms are noticed, may occur mm some 
{5 percent of the United States population. 
Human infections of triclina may result 
from exting msufliciently cooked (pink) pork. 
Cysts (Fig. 32-24) contaming dormant trichina 
larvae may be present in the skeletal muscles 
of the pig (also of rats, dogs, cats, and certain 
bears). Liberated by the digestive enzymes of 
the new host, each larva grows into an adult 
that lives for a while m the host's intestine, 
producing a new crop of larvae. Then the 
active larvae penetrate into the blood stream 





and reach the muscles, where they form a 
multitude of new cysts. In man, the rare cases 
of heavy infection (overt trichinosis) involve 
fever and a very painful swelling of the 
muscles, with slow recovery. Moreover, if the 
site of infection includes the diaphragm 
muscle, breathing may be impaired, even to 
the point of fatality. 

With elephantiasis, on the other hand, the 
larval filarians are introduced into the blood 
stream by mosquitoes of the genus Culex. 
Reaching the lymph glands, the larvae ma- 
ture into adult females about 8 cm long, and 
males about half that length. In the lymph 
nodes, the sexually produced larvae may be- 
come very numerous. Such an accumulation 
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Fig. 32-23. 
shawing internal structures. A rich variety of semi- 
micrascapic nematades live in the sail. Mast nematades 
ore free-living harmless creatures, but a few are para- 
sites of considerable virulence (see text). (Fram Gen- 
erol Zaolagy, by Miller and Haub, Holt, Rinehart and 
Winston, Inc.) 
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Fig. 32-24. 
ralis), encysted in muscle. In man, a heavy infestatian 
af such raundworm parasites causes avert trichinasis, 


Parasilic trichina worm (Trichinella spi- 


a painful and long-enduring disease. (From General 
Zoology, by Miller and Haub. Holt, Rinehar! and Win- 
ston, Inc.) 


of adult and larval parasites may impair the 
lymph drainage, especially in the lower ex- 
tremities, causing great swelling in the legs 
(Fig. 32-25). The disease is restricted almost 
completely to tropical regions and the inci- 
dence is gradually declining as a result of 
mosquito control. 

Phylogenetic Relationships. Among Ne- 
mertinea, Nemathelminthes, and Rotifera par- 
ticularly, the fossil record is scanty; and even 
though the Brachiopoda and Bryozoa have 
left many fossils, it is clifficult to reach a 
definite decision as to whether or not one or 
more of these groups gave rise to others. 
Most likely all represent early offshoots from 
the same ancient extinct stock—the stock 
that also gave rise to most of the higher 
phyla (Fig. 29-11). 


THE ANNELIDA, OR SEGMENTED WORMS 


The earthworms (Fig. 21-3), sandworms 
(Fig. 32-26), and leeches (Fig. 32-27) are per- 
haps the most familiar members of the Annel- 
ida. This phylum embraces almost 7000 
known species, of which a large majority are 
aquatic, mainly in marine waters. However, 
there are some terrestrial forms and a few 
parasitic species. 

Characteristics of the Annelida. Like many 
other groups, the Annelida are triploblastic, 
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bilaterally symmetrical animals with highly 
developed tubular digestive tracts (Fig. 16-9) 
and a clean-cut, fully lined coelomic cavity 
(Fig. 16-10). The Annelida, however, display 
a new feature, namely segmentation, which 
does not appear in any of the earlier groups. 

Segmentation, or Metamerism. The elongate 
body of the typical annelid is conspicuously 
subdivided into a series of segments, or 
metameres (Fig. 32-26). Each of the succeed- 
ing segments tends to be a close replica of 
the others, not only as regards the external 
features, but also as to the form and arrange- 
ment of the internal structures. Such a seg- 
mented organization is not restricted to the 
annelids. It also is characteristic of the arthro- 
pods and vertebrates. However, the segmenta- 
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Fig. 32-25. Human leg, severely afflicted by ele- 
phantiasis. This tropical disease, which is transmitted 
by variaus masquitoes, is caused by a parasitic nema- 
tode, the filarial worm (Wuchereria bancrofti). The 
adull parasites live mainly in the lymph vessels and 
lymph nades of the body. (Fram General Zoology, by 
Miller and Haub. Halt, Rinehart and Winstan, Inc.) 
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Fig. 32-26. One of the (Neanthes). 
Phylum Annelida; Class Polychaeta. Note the un- 
jointed appendages (parapodia) and the numerous 
bristles (setoe). Left specimen, ventral aspect; right 
specimen, dorsal aspect. (Copyright, General Biologi- 
cal Supply House, Inc.) 


tion im the vertebrates, although very clear in 
the embryo, may be somewhat obscured in 
the adult; and there is some tendency for the 
segments to become fused and modified even 
among Arthropoda. 

Other Annelid Features. The annelids were 
among the first animals to develop a well- 
defined closed circulatory system (p. 319). In 
such systems, the blood flows through a con- 
finuous system of capillaries and larger ves- 
sels. The blood does not enter the tissue 
spaces or come into direct contact with the 
tissue cells. ‘This efficient type of system, 
which is well adapted to the nutritive, re- 
spiratory, and excretory requirements of 
larger animals, reaches an apex of develop- 
ment in the vertebrate group, where a cen- 
tralized pump, or heart, 1s also present. In 
the annelids, pumping is achieved by a num- 





ber of pulsating muscular vessels, the aortic 
loops and dorsal blood vessel (Fig. 17-9). 
Hemoglobin usually serves as the respiratory 
pigment (p. 364) in the annelids. But the 
hemoglobin of the annelid is dissolved di- 
rectly in the plasma and is not carried by 
specialized red cells. 

Annelids do not possess jointed append- 
ages, such as are characteristic of arthropods 
and vertebrates. Among annelids, in fact, 
appendages are often absent; or they may be 
mere slender, chitinous bristles (called setae); 
or at best, they are short fleshy outgrowths 
(parapodta), usually bearing bristles (Fig. 
32-20), 
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Fig. 32-27. A leech—one of the Hirudinea. This 
blood-sucking annelid possesses only 34 segments, al- 
though the number of external creoses (annuli) moy 
be greater. (From General Zoology, by Miller and 
Haub, Holt, Rinehart and Winston, Inc.) 


The annelid excretory system consists of a 
series of well-developed nephridia (Fig. 20- 
3). Typically there is a pair of nephridia per 
segment, each supphed by a network of 
blood capillaries (p. 371). Respiration takes 
place through the skin (p. 358), although 
some tube-dwelling Annelica have gills. 

The well-developed nervous system of the 
annelid is very similar to that of the arthro- 
pod. Essentially, the annelid system (Fig. 25- 
5) consists of a double chain of segmental 
ganglia, which extends longitudinally along 
the midline, on the inner surface of the ventral 
body wall. The chain connects anteriorly 
with the two dorsally placed cerebral] ganglia 
by way of a pair of nerve connectives, the 
circumpharyngeal connectives, which encircle 
the digestive tract (Fig. 25-5). In each seg- 
ment, there are several bilaterally matched 
nerves that transmit impulses from the re- 
ceptors and to the effectors of this particular 
part of the body. 

Classes of the Phylum Annelida. he fol- 
lowing four classes were evolved among the 
Annelida: 

Class 1. The Archiannelida (Literally, “An- 
cient Annelids”). ‘These are all small marine 
annelids, usually without any parapodia or 
setae; segmentation is inconspicuous exter- 
nally, but well-defined internally. 

Class 2. The Polychaeta (Literally, “Many 
Bristles’”). ‘These are the sandworms, tube- 
worms, etc.; predominantly a marine group 
with numerous conspicuous segments, each 
bearing a pair of many bristled paddle-like 
parapodia, which serve as swimming organs. 
A well-defined head, with tentacles, 1s char- 
acteristic (Fig. 32-26). 

Class 3. The Oligachaeta (Literally, “Few 
Bristles’). This group includes the earth- 
worms and related forms. They live mainly 
in fresh water or moist soils; have conspicu- 
ous segmentation, no obvious head, and only 
a few setae per segment. 

Class 4. The Hirudinea, or Leeches (Fig. 32- 
27). These annelids have a dorsoventrally 
flattened, pigmented body, with a large 
sucker at the posterior end, and (usually) a 
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smaller anterior sucker, surrounding the 
mouth. Externally the body is marked by 
many transverse creases, but a study of the 
internal structure reveals only 3+ segments. 
No parapodia are present; a distinct head is 
lacking; and only one species possesses setae. 
Most species live in quiet fresh or salt waters; 
but a few live in damp soil. 

Relationship of the Annelida toa Other 
Phyla. Annelida shows some resemblances to 
other phyla, especially the Mollusca, Arthro- 
poda, and Chordata. The pattern of cleav- 
age, the manner in which the mesoderm 
arises, and certain larval characteristics are 
reminiscent of the Mollusca. But the seg- 
mentation, the type of cuticle, and the struc- 
ture of the nervous system all tend to follow 
the arthropod pattern; and the conspicuous 
coelom and definite segmentation resemble 
these features in Chordata. However, the 
early paleontological record is not clear as to 
the precise origins of any of these important 
groups. Most students think that all ortg- 
inated from a common stock subsequent to 
the development of a coelomic cavity; that 
the Mollusca branched off before segmenta- 
tion developed; and that the Annelida and 
Chordata began to diverge shortly after seg- 
mentation appeared in the ancestral animal 
stock (Fig. 29-11). 


THE MOLLUSCA 


Mollusks constitute the second largest phy- 
lum in the animal kingdom. The group, in- 
deed, comprises more than 40,000 living 
species; and fossil remnants of more than 
35,000 extinct species have been identified 
at the present time. The many diverse species 
include: all clams, oysters, and scallops; 
the chitons, slugs, and snails; and the squids, 
octopuses, and nautiluses. Also the size range 
1s very great. Some snails measure only |] mm 
in diameter; but one great giant squid 
reaches a length of 60 feet and a weight of 
several tons—easily the record among in- 
vertebrate animals. 

Phylum Characteristics. As is shown in 
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Figure 32-28, all Mollusca, with very rare 
exceptions, possess one or more shells—which 
may be clitinous,-calcareous, or both. The 
shell is secreted by a mantle, which, essen- 
tially, 1s an outgrowth of the body wall. Also 
Mollusca have a complete tubular digestive 
tract and a muscular organ, the foot, which 
shows great variation in the different classes 
(Fig, 32-28). In clams and other bivalve mol- 
lusks, the foot assumes the form of a plough- 
shaped burrowing organ; among snails and 
related forms, it is the elongate muscular 
part that enables the animal to attach itsell 
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and to crawl along the substratum; whereas 
in squids and octopuses, the foot is highly 
modified into a group of powerful tentacles. 
These tentacles are clad with numerous suc- 
tion pads, so that the foot may be used for 
grasping prey, as well as for locomotion 
(Hig 2-29). 

The symmetry of these triploblastic, non- 
segmented animals is essentially bilateral, 
although some (the snails) display a spiral 
coiling of the shell and viscera. Also there ts 
a small lined coelom limited mainly (in the 
adult) to the pericardial cavity. 
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Various mollusks. Noie that each displays a foot, shell, mantle, and digestive tube—variously modi- 


The well-developed circulatory system con- 
sists Of a heart and definite blood vessels, 
which lead to the major organs. However, 
the molluscan system is of the open type 
(p. 319). In most of the organs, the circula- 
tory fluid, or hemolymph, passes directly 
through the tissue spaces, rather than through 
clearly delimited capillary channels. Usually 
the respiratory organs are gills. And finally, 
the sensory-neuromuscular system is highly 
organized, especially in the squids, octopuses, 
and other cephalopods. The central nervous 
system, typically, consists of three pairs of 
interconnected ganglia: (1) the cerebral gan- 
glia, situated antertorly near the mouth; 
(2) the pedal ganglia, imbedded in the foot; 
and (3) the visceral ganglia, situated poste- 
riorly in the body. The peripheral system, 
on the other hand, is represented by the 
numerous sensory nerve fibers coming in 
from the receptors and the motor fibers going 
out to the musculature, especially that of the 
foot. 

All Mollusca have tactile and chemical 
receptors, and many possess statocysts (Fig. 
23-7), which enable the animal to determine 
its orientation and equilibrium. Simple hght- 
sensitive “eyespots” are present in some (for 
example, scallops), and a few mollusks (for 
example, squids and octopuses) have highly 
developed eyes, which achieve very accurate 
true vision. In fact, the eye of the mollusk is 
structurally very similar to the vertebrate eye. 
However, the manner of embryonic origin— 
from a folding of the surface ectoderm, rather 
than from an outgrowth of the brain—indi- 
cates that the two organs cannot be homolo- 
gous. In fact, this is frequently cited as 
a striking example of convergent evolution. 

Other Molluscan Features. Clams, oysters, 
and other bivalves feed upon semimicroscopic 
particles and organisms. These are carried to 
the small mouth by a copious (3 quarts per 
hour for an average oyster) stream of water 
brought into the shell by an incurrent siphon 
and passed out by an excurrent siphon. The 
mouth, in such cases, is not equipped with 
any kind of chewing or biting structures; but 
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almost all other mollusks possess several rows 
of minute chitinous teeth, collectivelv called 
the radula, bordering the mouth opening. 
The radula may serve for scraping algae and 
other encrusting organisms from a rocky sur- 
face, as in the case of the sluggish creeping 
Chiton (Fig. 32-29); or it may serve for rasp- 
ing and boring into the shell of another 
organism or into the wooden bottom of a 
ship, as in the case of one very serious marine 
pest, the “shipworm,” Teredo. The mouth, 
in squids and octopuses, is also equipped 
with two powerful horny beaks. These can 
kill a captured fish or other prey and can 
tear the food into pieces suitable for swal- 
lowing. 

Molluscan shells vary widely as to form 
and composition; and some forms (for exam- 
ple, slugs) do not have any shell. Typically, 
the shell—whether univalved, bivalved, or 
multivalved—is composed of a dense calcare- 
ous material superimposed upon a delicate 
chitinous framework. Usually it forms a hard 
external protective covering for the animal. 
But in the squid, the shell is reduced, and it 
lies znternally. In fact, the delicate, chitinous, 
quill-like shell of the squid is commonly 
referred to as the “pen” (Fig. 32-28). 

Many molluscan shells, of course, are very 
beautiful. They display a wide variety of 
lovely forms; and the mother-of-pearl (nacre) 
layer, which lines the mner surface of the 
shell, is often richly colored in various iri- 
descent hues. Pearllike bodies are apt to 
form whenever a grain of sand or other small 
source of irritation becomes lodged on the 
outer surface of the mantle, where the nacre 
of the shell is being secreted. But pearls of 
real value, in which the layers of nacre are 
exceedingly hard and regular, are produced 
rarely, and only in certain kinds of oysters. 
The shell of the “many-chambered nautilus” 
actually represents a number of shells, formed 
year after year by the same animal, and fused 
into a spiral series. The successive shells are 
larger and larger. Thus each year the nautilus 
builds itself a “more stately mansion,” but 
always it remains burdened by its older 
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The five classes of mollusks display a wide variation of form. This picture shows: one of the Amphi- 


neura (Chitan): three of the Pelecypoda (clam, oyster, and scallop); one of the Scaphopoda (the tooth shell); one 


of the Gastropaca (whelk); and three of the Cephalopoda 


Fig. 32-29. 


houses, which now are empty (Fig. 32-29). 

Locomotion among Mollusca also varies 
widely. Oysters, mussels, and related forms 
attach themselves to the substratum (Fig. 32- 
29) and do not move at all during their 
adult life. Many clams merely burrow into 
the sand, while others, such as the common 
edible hard-shelled clam (Venus mercenaria), 
plow along half buried in the sand, slowly 
extending and retracting the muscular toot 
(Fig. 32-29). Snails, slugs, whelks, and chitons 
(Fig. 32-29) creep along the substratum, using 
an elongate muscular foot, which is closely 
applied to the surface; and the octopus 
quickly clambers over a rocky surface, or 
slithers into and out of a dark crevice by 
means of the eight powerful tentacles of its 
highly modified foot. Squids dart forward 
and backward with flashing speed, using a 
sort of jet propulsion. The mantle around 
the body in these animals has become modi- 
fied into a strong conical muscular sac (Fig. 
32-29). When this sac expands, water enters 
the mantle cavity through the incurrent 
siphon. Then when the sac contracts forcibly, 
a strong jet of water shoots out through the 
excurrent siphon, propelling the animal—in 
a forward direction if the siphon is pointed 
backward, or in a backward direction if the 
siphon is pointed forward. Moreover, the 
squid guides and steadies its darting move- 
ments with fins, at the posterior end of the 
body, and with its anteriorly placed tentacles 
(Pignoe-29). 

Phylogenetic Relationships. The rich fos- 
sil record of the Mollusca includes more than 
35,000 extinct species, localized in all strata 
from the late Cambrian period to recent 
times. Nevertheless, the origin of the group 
remains obscure. The primitive molluscan 
stock of pre-Cambrian times was devoid of 
skeletal parts and seems to have left no 
record. The embryological evidence, based 
on a comparative study of the cleavage pat- 
terns and early larval stages, indicates some 
relationship to the Annelida. Adult Mol- 
lusca, however, are quite different from 
Annelida, especially as to their lack of seg- 
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mentation and their reduced coelomic cavity. 
Probably the two groups separated from each 
other during pre-Cambrian time and the 
classes of Mollusca became differentiated dur- 
ing the Ordovician, Devonian, and Silurian 
periods (Fig. 29-11). 

Classes of the Mollusca. The Mollusca 
have evolved as five distinctive classes, as fol- 
lows: 

Class 1. The Amphineura (Literally, “Two- 
Nerved”). Chitons (Fig. 32-29) and related 
forms; body elongate or oval; shell, when 
present, consisting of eight serially arranged 
valves; head, reduced, or absent; two pairs of 
ventral nerve cords; a relatively small exclu- 
sively marine group (650 living, 75 fossil 
species). 

Class 2. The Scaphapoda (Literally “Boat- 
footed”). The “tooth-shells’” such as Denta- 
lium (Fig. 32-29); shell slenderly conical, open 
at both ends; foot also cone-shaped; another 
small marine group (200 living, 300 fossil 
species). 

Closs 3. The Gastropoda (Literally, “Stom- 
ach-Footed”). Snails, slugs, limpets, and 
whelks (Fig. 32-29); shell spirally coiled and 
univalvular, except in a few forms; distinct 
head; foot 1s large, flat, and ventrally placed, 
in contact with substratum; a large group 
(30,000 living, 13,000 fossil species); mostly 
marine, but with some fresh-water and ter- 
restrial forms. 

Class 4. The Pelecypoda (Literally, “Hatchet- 
Footed”). Clams, oysters, scallops, and other 
bivalved mollusks (Fig. 32-29). Two valves of 
shell placed laterally, hinged by dorsal liga- 
ment and closed by one or two adductor mus- 
cles; no head and almost always lacking a 
radula in the mouth; a medium-sized aquatic 
group, mainly in salt water (10,000 living, 
14,000 fosstl species). 

Closs 5. The Cephalopoda (Literally “Head- 
Footed”). Octopuses, cuttle fish, squids, and 
nautiluses (Fig. 32-29). Shell external, in- 
ternal, or lacking; “head-foot,” bearing ten- 
tacles (ten in squids, eight in octopuses); eyes, 
conspicuous and highly organized; mouth, 
with horny beaklike jaws, in addition to a 


654 - Heredity and Evolution 


radula; an entirely marine group; 400 lving 
and 10,000 fossil species. 


THE ARTHROPODA (LITERALLY, “JOINTED 
LEGS”’) 


This is by far the largest phylum in the 
animal kingdom. The diverse forms total to 
more than 700,000 species. In fact, the arthro- 
pods outnumber all other kinds of animals 
by approximately four to one. 

The phylum Arthropoda includes: all 
crabs, shrimps, lobsters, barnacles, and other 
crustaceans; the flies, bugs, beetles, butter- 
flies, and other insects; spiders, scorpions, 
ticks, horseshoe crabs, and other arachnids; 
and all centipedes and millipedes. Also there 
are some other less familiar forms, such as a 
small, very primitive genus. Peripatus (Fig. 
32-30), and a large extinct group, the Trilo- 
bita (Fig. 32-31). 

The biological success of the arthropods 
is reflected by their wide range of habitats. 
They occur almost everywhere—at heights 
and depths exceeding 20,000 feet; in salt, 
brackish, and fresh waters; on land and in 
the air; and on or in other organisms, as 
ecto- or endoparasites. Moreover, Arthropoda 
are ol tremendous practical importance: as 
pollinating agents in many plants; as carriers 
of disease (lice, ticks, flies, mosquitoes); as a 
food base for fish and birds; as a direct source 
of food for man (lobsters, shrimps, crabs, 
etc.); as destroyers of man’s food, crops, and 
clothes; and in many other ways. 

Characteristics of the Phylum. In some 
respects arthropods resemble other complexly 
organized animals. They display bilateral 
symmetry, a tubular enteron, and a coelom. 
The coélom, however, 1s reduced--1e includes 
mainly just the cavity enclosed within the re- 
productive organs. 

Arthropods, like annelids, are distinctly 
segmented animals. But unlike annelids, the 
arthropods, except lor Peripatus and a few 
other primitive transitional forms, all display 
jointed appendages. Typically, one pair of 
jointed appendages is borne by each of the 


body segments; but among higher forms, 
especially insects, many of the appendages are 
missing. 

The entire body of the arthropod is cov- 
ered by a strong chitinous exoskeleton, which 
may or may not be hardened by a deposition 
of calcareous material. Such a complete en- 
casement of the body does not allow for 
continuous growth. Consequently arthropods 
must shed the exoskeleton periodically. “This 
process is called ecdysis, or moulting. After 
each moult the animal quickly swallows a 
large amount of water (or air) rapidly in- 
creasing the size of its body before the newly 
secreted exoskeleton becomes too hard. 

In contrast to chordate animals, arthropods 
generally do not possess any endoskeleton, 
Also the central nervous system consists of a 
double chain of ganglia, which, except for 
the first pair (cerebral ganglia), le ventral to 
the digestive tract. Typically there is a heart 
and frequently there are blood vessels leading 
to the principal organs. But the circulatory 
system is of the open type. The hemolymph 
passes through the tissue spaces and comes 
into direct contact with the cells. Aquatic 
Arthropoda (chiefly the Crustacea) possess 
gills, except for a few small species that 
respire directly through the body surfaces. 
But terrestrial forms have tracheae (insects, 
centipedes, and muillipedes) or book lungs 
(spiders and other arachnids). 

Arthropoda, compared with Annelida, tend 
to display a more distinct differentiation of 
the principal body parts, namely head, 
thorax, and abdomen. Several fused seg- 
ments can usually be recognized in the head 
and thorax regions, although the segments 
of the abdomen tend to be separate. Among 
Crustacea and Arachnida the head and 
thorax are frequently fused, forming a body 
part called the cephalothorax. 

The exoskeleton of the arthropod not 
only serves to cover and protect the soft in- 
ternal structures, but also provides for the 
muscular movements of the animal. The suc- 
cessive rigid parts of the exoskeleton are 
hinged together by flexible joints and the 


muscles stretch from part to part, bridging 
the joints. Thus each part of the exoskeleton 
serves as a lever in effecting muscular move- 
ment and each joint serves as a fulcrum. 
Moreover, the arthropod exoskeleton, to 
which the muscles attach internally, stands 
in distinct contrast to the vertebrate endo- 
skeleton, to which the muscles attach ex- 
ternally. 

Classes of the Arthropoda. The natural 
groups into which this large phylum can be 
divided are: 

Class 1. The Crustacea (Lobsters, Shrimps, 
Barnacles, Crabs, etc.). Typically these are 
aquatic Arthropoda with gills, two pairs of 
antennae, and at least five pairs of legs. Usu- 
ally the body consists of a cephalothorax and 
abdomen (Fig. 32-30). 

Class 2. The Arachnida (Spiders, Ticks, 
Scorpions, Horseshoe Crabs, efc.). ‘hese 
mainly terrestrial Arthropoda have four pairs 


The Animal Kingdom - 655 


of legs, no antennae, and a cephalothorax. 
Book lungs are the usual respiratory mecha- 
nism, although a few forms have gills and 
some have tracheae (Fig. 32-30). 

Class 3. The Insecta (Flies, Bugs, Beetles, Bees, 
Butterflies, etc.). These terrestrial Arthropoda 
have three pairs of legs, only one pair of 
antennae, and (usually) two pairs of wings. A 
tracheal system of air tubes (p. 657) provides 
for respiration and typically the body dis- 
plays a distinct head, thorax, and abdomen 
(Pig 32-30). 

Class 4. The Chilopoda (The Centipedes). 
These are elongate, flattened, terrestrial Ar- 
thropoda, with a distinct head, bearing one 
pair of antennae; there is no thorax and the 
body consists of at least fifteen segments 
(usually more), each (except the first) bear- 
ing one pair of seven-jointed walking legs. 
The appendage of the first body segment 1s 
highly modified, forming a formidable four- 
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Fig. 32-30. Phylum Arthropoda: a representative animal from each af the six living classes. 
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jointed poison claw. A tracheal respiratory 
system is present (Fig. 32-30). 

Class 5. The Diplopoda (the Millipedes, or 
“Thousand-legs”). “These elongate, often 
brightly colored, terrestrial Arthropoda have 
a cylindrical body, consisting of a distinct 
head, with one pair of antennae; a short 
four-segmented thorax, with one pair of legs 
per segment; and a many-segmented abdo- 
men, with two pairs of legs per segment. A 
tracheal system is present, but there are no 
poison claws (Fig. 32-30). 

Class 6. The Onychophora (Literally, Claw- 
Bearing). ‘This small group of primitive 
wormlike Arthropoda consists of only 70 scat- 
tered species, mainly of the genus Pertpatus 
(Fig. 32-30). These forms do not have a dis- 
tinct head or other body subdivisions; and 
the segmentation is not very evident, except 
for the serial arrangement of the stubby 
claw-bearing legs. The anterior end bears a 
pair of short antennae and small horny jaws; 
and the exoskeleton is relatively thin and 
weak. Respiration is through imternal iu 
tubes that seem to represent a primitive type 
of tracheal system. Cilia, which are absent in 
all other Arthropoda, are found in the gono- 
ducts of Perrpatus. 

Pertpatus and related forms are interesting 
because they seem to be surviving deriva- 
tives of an ancient pre-Cambrian stock that 
was transitional between the Annelida and 
Arthropoda. In the list of resemblances to the 
Annelida are the relative simplicity of the 
eyes and digestive tract; the presence of cilia 
and nephridia; and the poorly developed 
appendages. On the other hand, the dorsally 
placed heart, the tracheal tubes, the reduced 
coelomic cavity, and the fact that the jaws 
represent modified appendages are all fea- 
tures suggestive of Arthropoda. 

Class 7. The Trilobita. The trilobites (Fig. 
32-31) constitute a group of about 2000 ex- 
tinct marine species. Trilobites reached a 
peak of abundance in the Cambrian and De- 
vonian periods, but died out, mainly in the 
Carboniferous period. Some fossil specimens, 
including larval stages, are exceedingly well 
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Fig. 32-31. Trilobite fossil, from the Devonian period. 
Note the two longitudinal furrows that divide the body 
into three sections—one in the center ond one on each 
side. (By permission, from Genero! Biology, by Wells 
and Wells. McGraw-Hill Book Co., Inc.) 


preserved and these reveal much of the orig- 
inal structure, internal as well as external. 

As the name trilobite suggests, the body is 
divided by two longitudinal furrows into 
three lobes, one in the center and two at the 
sides (Fig. 32-30). There is a distinct head, 
bearing one pair of compound eyes (usually); 
one pair of slender antennae, and four pairs 
of biramous (two-branched) leglike append- 
ages. A number (up to 29) of short separate 
segments are present in the thorax; but the 
abdominal segments are fused, forming a 
caudal plate. Each of the segments, except 
the last abdominal, bears a pair of bristle- 
fringed biramous appendages. The average 
size was about three inches, but one species 
attaimed a length of more than two feet. The 
best specimens found so far are from a de- 
posit of Ordovician shale near Rome, New 


York, and some of these have been suitable 
for sectioning and microscopic examination. 
Invasion of the Land by Arthropods. The 
sea, of course, was the “primordial mother of 
life.” In fact, the fossil record shows that no 
plants or animals succeeded in colonizing 
any land area until Silurian times. The rec- 
ord also shows that the first animals to dis- 
play definite adaptations to land conditions 
were scorpionlike Arachnida that began to 
occupy the continental edges some 460 mil- 
lion years ago. In other words, the first land 
arthropods anticipated the first land verte- 
brates (Amphibia) by more than 60 million 
vears. Furthermore, the Arthropoda are the 
only invertebrate group in which large num- 
bers and a great diversity of terrestrial species 
have been evolved. A few Annelida, such as 
earthworms, and a few Mollusca, such as 
snails, are terrestrial, especially in damp en- 
vironments; but among living Arthropoda, 
only the Crustacea are aquatic. In fact, a 
great majority of centipedes, millipedes, 
arachnids, and, above all, insects are very 
well-adapted terrestrial animals. 

Arthropod Adopfotions to Lond Conditions. 
No organism can live if it loses too much 
water, and the exposure of a land animal to 
the drying effects of the atmosphere repre- 
sents an ever-present hazard. Arthropods, 
however, are covered most completely by a 
chitinous exoskeleton that controls the loss 
of water from the soft internal living parts 
of the body. In fact, the chitinous, wax-laden 
exoskeleton of the arthropod stands on a par 
of eficiency with the integumentary coverings 
(skin, with scales, feathers, or hair) of various 
vertebrate animals in protecting the body, 
not only from desiccation, but also from vari- 
ous other injurious external factors. More- 
over, a strong exoskeleton enables the anima] 
to cope with gravitational force, which has 
a greater effect upon land where the buoy- 
ancy of the aquatic environment is lacking. 

Respiration in land animals also presents 
a special problem. The respiratory surface, 
across which oxygen and carbon dioxide 
enter and leave the blood, cannot function 
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properly if it becomes too drv. The book 
lungs and tracheal tubes of terrestrial arthro- 
pods, as well as the true lungs of terrestrial 
vertebrates, represent a deep insinking of the 
respiratory surfaces to a safely recessed posi- 
tion, where desiccation can scarcely occur. 
The book lung, essentially, consists of a num- 
ber (usually around twenty) of thin, richly 
vascularized, leaflike plates, arranged like 
slightly separatecl pages in a book, and occu- 
pying an inpocketed chamber, usually in the 
anterior region of the abdomen. The tra- 
cheal system, on the other hand, consists of 
an elaborately branching svstem of air-bear- 
ing tubes. The finer (microscopic) tracheal 
branches permeate the tissues, carrying air 
to the immediate vicinity of the individuatl 
cells. The larger trunk-line tracheae com- 
municate with the outside air through paired 
openings, the spiracles, which are present in 
each typical segment of the thorax and abdo- 
men. Each tube of the system 1s kept from 
collapsing by spirally wound chitinous 
threads which reinforce the wall. A continu- 
ous ventilation of the tracheal system (or of 
the book-lung chamber) is effected by rhyth- 
mic expansions and contractions of the ab- 
domen and thus new air keeps reaching the 
finer branches, where the cells take in oxy- 
gen and give off carbon dioxide. The tra- 
cheal system, particularly, is well adapted to 
meet the respiratory requirements of insects. 
The primitive circulatory system of these 
very active animals is not designed for carrv- 
ing large amounts of oxvgen, which are 
needed especially during periods when flight 
must be sustained. 

A few terrestrial arthropods revert to the 
ancestral habit of depositing their eggs in an 
aquatic environment; but most lay eggs on 
or in the soil, or in other places more or 
less exposed to the drying effects of the at- 
mosphere. Such eggs, typically, are covered 
by a tough moisture-proof chitinous shell, or 
integument, which represents an adaptation 
to terrestrial development. Many such ani- 
mals, especially insects, resort to copulation. 
Thus fertilization occurs in the deep recesses 
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of the female reproductive tract, before each 
ege becomes covered by its shell. Moreover, 
many insects possess special chambers, sem1- 
nal receptacles, where the sperm derived 
from one copulation may survive for some 
weeks, fertilizing new batches of eggs as they 
reach maturity. 

Among insects, which include a great ma- 
jority of Arthropoda (and of any other ant- 
mals, too), the development of wings ex- 
tended the range enormously and _ led to 
tremendous diversification of the species 
(Table 32-1). The vertebrate type of wing, 
such as is displayed by birds and bats, rep- 
resents a highly modified forclimb (Fig. 29-1), 
but thiscrs) ot Otte of “insect. arines.- lie 


insect wing essentially represents an outfold- 
ing of the chitinous integument. It is cleverly 
hinged at the body junction and it is oper- 
ated by an intricate set of striated muscle 
fibers, which are the fastest acting in all na- 
ture. Insect wings, however, are highly diver- 
sified as to form and function, as is indicated 
in Table 32-1. 

Insect Societies. Most insects are non- 
social; that ts, each individual] shifts for itself. 
Males and females associate only for mating 
and the parents have little or no concern for 
the next generation, aside from laying the 
eggs. However, a few nonsocial forms (for 
example, earwigs, crickets, roaches) may 
guard the eggs and young. 


Name of Order 
Orthoptera 
(roaches, grass- 
hoppers, etc.) 


Odonata 
(dragonflies) 


Hemiptera 
(true bugs) 


Lepidoptera 
(moths, butterflies) 


Diptera 
(true flies) 


Coleoptera 
(beetles, weevils, 
etc.) 


Hymenoptera 
(bees, ants, Wasps, 
ete.) 


Tsoptera 
(termites) 


Table 32-1—Familiar Orders of Insects 


| Afouth 


| Chewing mouth 


parts 


Chewing mouth 


parts 


Sucking mouth 


parts 


Sucking mouth 
parts 


Sucking mouth 


par ts 


Chewing mouth 


parts 


| Chewing or 
sucking mouth 
parts 


Chewing mouth 


parts 


Wings 


Forewing, leathery; 
hindwing, delicate, 
lolded; wings may be 
absent 


Both wings filmy; not — | 


lolded; nearly alike 


First wing, leathery in 


lront, membranous 
behind; second wing, 
membranous, folded 


Both wings covered by 


delicate overlapping 
scales 


Forewings only 


First wing, horny, 
veinless; second wing, 
delicate, folded 


Both wings filmy; 
sometimes no wings 


Wingless except for 
sexual forms, which 
have four filmy wings 


Other Features 


Usually possess cerci, that 


1s, vestigial appendages near 
posterior end of abdomen 


Body and eyes large; no 


cercl 


Piercing beak at anterior 


tip of head 


Maxillae modified, forming 


a feecling proboscis 


Have “balancer” 
modified hindwing) 


(highly 


Large prothorax; reduced 


mesothorax 


Abdomen usually tapers to 


a slender waist, joining the 
thorax 


Nonsexual forms white or 


very pale; sexual forms 


darkly pigmented 





True social colonies of considerable com- 
plexity have been developed by all termites 
and ants, and many bees and wasps. In a 
termite colony (Fig. 32-32) one large female, 
the queen, may live for several years, produc- 
ing more than 5000 eggs each day. Meanwhile 
she is housed in a protected nest, under 
controlled conditions of temperature and 
humidity; fed by specialized, nonfertile 
workers; guarded by soldiers; and kept fertile 
by the king, a nonworking perfect male. 
Moreover, problems of food supply are han- 
dled on a cooperative community basis. The 
workers continually collect pollen, and other 
food and bring it to the nest. 

The pastoral ants keep domesticated aphids 
(“ant-cows”) from which they derive “milk” 
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in the form of the honeydew secretions of 
the aphids; and “farmer ants” (Atta) culti- 
vate crops of a selected species of fungus. 
When another colony is to be established, 
the new queen transports fungal spores for 
the planting of a new crop in a special pouch- 
like outgrowth of her mouth. 

A domestic honeybee colony houses only 
one queen (diploid fertile female), a hun- 
dred or so drones (haploid fertile males) and 
thousands of workers (diploid sterile  fe- 
males). After mating, a queen may lay eggs 
that are either fertilized or unfertilized. Hap- 
lord male drones arise from the unfertilized 
eggs; but diploid females of various kinds 
can come from the fertilized eggs. A young 
female larva, fed for about six days on a 
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Fig. 32-32. Royal cell of a termite colony. The queen, surrounded by workers, occupies the lorge central cham- 
ber. Note the king beside the left end of queen. Also note a soldier with “squirt gun” head (right, middle). 
The chambers and galleries of the nest are constructed of wood porticles, cemented together. The winged indi- 
viduol (lower right) is reody to swarm, at which time males and females look alike. The lorge white individual 
(upper left) belongs to a supplementary reproductive caste. This termite (Constrictotermes covifrons) is common in 
British Guiana. (Photo of a model, exhibited in the Schoelkopf Hall of Evolution, Buffalo Museum of Science.) 
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special mixture, called royal jelly, develops 
into a fertile female, which eventually may 
migrate and become the queen of a new 
colony. But if the female larva receives an 
ordinary mixture of nectar and pollen, she 
develops into a sterile worker. The youngest 
of the workers serve as nurses, preparing the 
brood chambers and feeding the larvae; the 
older ones are “house workers,” which clean 
and guard the hive, make wax for the honey 
cells, and supervise the storage of food; while 
the oldest workers are the “field bees,” re- 
sponsible for gathering pollen, nectar, and 
water for the whole community. Probably 
the development of the cifferent kinds and 
castes among socialized insects depends upon 
a delicate balance between chromosomal, nu- 
tritional, and hormonal factors. However, 
more research must be carried on before this 
balance can be defined in very precise terms. 

Insect Behavior. There is a wealth of evi- 
dence that indicates that the behavior pat- 
terns of insects (and other invertebrates) are 
largely “instinctive.” The behavior consists 
mainly of unconditioned (unlearned) re- 
sponses, performed automatically in the same 
manner each generation—simply because the 
animal is born that way, or gets to be that 
way during the normal course of develop- 
ment (p. 468). Thus a certain kind of solitary 
wasp always builds a certain kind of nest 
even though this individual has never had 
the slightest contact with tts parents or any 
other wasp; and there are many other exam- 
ples demonstrating such behavior among 
various invertebrite species. 

Despite the well-established fact that in- 
sect behavior ts largely “instinctive,” the ex- 
tensive experiments and observations re- 
ported by the Austrian zoologist Kar] von 
Fiiseh prove that the honeybee, at least, 
possesses some capacity to form conditioned 
reflexes. It thus can learn om the basis: of 
experience. Von Frisch was able to condition 
worker bees to choose between cards of dif- 
ferent colors and to substitute one color for 
another while secking the sugar solutions 
tictt “Wwenes vised as, bait; Whese ‘studies. also 


show that bees have a fairly elaborate system 
by which they communicate food informa- 
tion to other members of the colony. ‘The 
scout bee, loaded with pollen or nectar, indi- 
cates the direction and distance of his find 
by performing a series of dancing movements 
as soon as he gets back to the hive. Dancing 
in small quick circles indicates that the food 
is nearby and can easily be found. But lor 
distances greater than about 75 yards, the 
scout also gives the direction in terms of the 
position of the sun—by straight-line dances 
that intervene between the circles. Straight 
upward movements mean “go toward the 
sun’; straight downward, “away from the 
sun’; while various angles toward and away 
from the sun are given roughly by the angle 
of the ans, sith elererce tortie aertical 
direcuion. Moreover, the communication sys- 
ten: works even on cloudy days, since the eye 
olf “the” bee: is: sensitive to ultraviolet ‘light, 
which partly penetrates the clouds. 


PHYLUM ECHINODERMATA 


The Echinodermata constitute a unique 
group of entirely marine invertebrates. Star- 
fishes (Fig. 32-33) are perhaps the most famul- 
lar representatives, but there are some 5000 
other living species. These include the sea 
urchins (Fig. 32-33), sea lilies (Fig. 32-33), sea 
cucumbers (Fig. 32-33), and brittle stars (Fig. 
32-33). Also fossil remnants of many extinct 
species have been found in formations dating 
from the Cambrian period. Many modern 
echinoderms are sedentary bottom dwellers; 
and no terrestrial species have been evolved. 

Characteristics of the Phylum. Echino- 
derms are triploblastic, nonsegmented ani- 
mals with a well-developed coelom and a 
mouth-to-anus digestive tract. However, the 
anus is olten rudimentary and it may even 
be absent. Accordingly, egestion through the 
mouth is not uncommon, at least among 
adult echinoderms. 

The name of the phylum (Gr., echinos, 
“hedgehog”; derma, “skin’’) refers to the 
unique structure of the body wall and skin. 





Fig. 32-33. Echinoderms, rep- 
resenting the five classes. A, a 
seo urchin, Class Echinoidea; 
B, a sea lilly, Class Crinaidea; 
C,a sea cucumber, Class Halo- 
thuroidea; D, a brittle star, 
Class Ophiuraidea; and E, a 
common starfish, Class Asterai- 
dea. (Fram General Zoology, 
by Miller and Haub. Holt, 
Rinehart and Winstan, Inc.) 


Embedded iu the body wall there is an endo- 
skeleton, consisting of a number of hard 
calcareous plates, the ossicles; and projecting 
outward from the body there are many cal- 
careous spines. Collectively the ossicles and 
spines, plus a system of interconnecting mus- 
cles and strands of connective tissue, give 
great strength to the body wall. 

Usually the ossicles are about the size of 
very small pebbles, as in the common starfish, 
or they may be of microscopic size, as in the 
sea cucumbers. The spines also display con- 
siderable variation. Common sea_ urchins 
(Fig. 32-33) have strong pronglike spines, 
usually somewhat less than an inch long; but 
one semitropical genus (Diadema) has sharply 
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pointed poison spines that may extend more 
than nine inches out from the surface of the 
body. On the other hand, the spines of many 
echinoderms are slender and delicate, as in 
the sea cucumber (Fig. 32-33). 

The symmetry of the echinoderms is 
another umgue identifying feature. Super- 
ficially the adults display radial symmetry, 
a development that probably is related to 
the sedentary history of the group. The body 
always possesses a central part, the central 
disc, where the digestive tract is found. And 
surrounding the central disc there are five 
radially arranged body sections from which, 
in many species, more or less distinct arms 
(rays) project (Fig. 32-34). 
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Perhaps more fundamentally, on the other 


hand, the echinoderms may be regarded as 
bilaterally symmetrical] animals. All have a 
bilaterally symmetrical larval stage, and even 
in the adult there ts a remnant of such sym- 
metry mm the placement of the madreporite 
(Fig 2230); 

‘The water vascular system (Fig. 32-35) con- 
stitutes another unique feature of Echino- 
dermiata. This water-filled system of tubular 
channels, with muscular walls, connects with 
a sievelike structure, the madreporite, on 
the one hand, and with a large number of 
tube> feet -on. the other (Eig, 32-55). “Elie 
madreporite apparently serves to admit new 
water from the surrounding sea, 1f the sys- 
tem needs filling. The many tube feet co- 
operate in achieving a slow and clumsy sort 
of locomotion and in grasping food material. 
The tube feet extend outward through the 
body wall, entirely from the lower surface 
in the case of the starfish (Fig. 32-54) and 
related forms, but from other parts of the 
body, in other echinoderms. 

The tube feet are highly extensible and 
retractible and each may be equipped at its 
end with a suction pad. When a foot con- 
tracts, much ol its content of water is forced 
to flow back into other parts of the water 
vascular system but especially into the bulb, 
or ampulla, which lies directly above (Fig. 
32-35). And conversely, when a tube foot is 
being extended, the ampulla and neighbor- 
ing parts contract, forcing the water to flow 
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Fig. 32-34. A common starfish (As- 
terias forbesi), lying upside down. 
Note the many tube feet, eoch tipped 
with a suction disc. Four rows of these 
AF, feet protrude from the groove (am- 
bulacral groove) that extends out into 
eoch orm, on the lower surface. Also 
note the many blunt spines thot stud 
the body wall. 
Integroted Principles of Zoology, by 


C. P. Hickman. C. V. Mosby Co.) 


(By permission from 


back into the lumen olf the extending foot. 

No structure remotely comparable to the 
echinoderm water vascular system is found 
anywhere else in nature. Apparently the sys- 
tem serves mainly for locomotion, but per- 
haps it also helps to carry respiratory gases 
and other substances. Obviously such a com- 
plex and highly specialized system is not 
well suited to the requirements of a land 
animal—wwhich probably accounts for the 
fact that terrestrial Echinodermata have 
never been evolved. 

The respiratory system among echinoderms 
does not reach a very high state of develop- 
ment. Many possess dermal branchiae, which 
are small hollow blisters, protruding slightly 
from the body wall near the bases of the 
spines. Each is filled with coelomic fluid that 
enters the vesicle through a narrow connec- 
tion with the coelomic cavity. Thus oxygen 
can enter and carbon dioxide can leave the 
body fthuid through the delicate walls of the 
branchiae. Other echinoderms display “resp1- 
ratory trees,” which protrude from the pos- 
terior end, and a tew respire mainly through 
the walls of the tube feet. 

Typically the central nervous system tends 
to follow the pattern of the water vascular 
system. A main nerve ring encircles the 
mouth and a radial nerve extends out from 
this ring into each of the body sections. More- 
over, there is a system of fluid-filled tubes that 
lies in close contact with the various parts 
of the nervous system, but the functional im- 
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Fig. 32-35. 
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Madreparite 


Radial canal 





Structure of the common starfish. Above, left; diagram of internal structures. Below, right: the water- 


vascular system. (From General Zoology, by Miller ond Haub. Holt, Rinehart ond Winston, Inc.) 


portance of this perihaemal system has not 
been ascertained. 

Classes of Echinodermata. The major 
natural subdivisions of the phylum are: 

Class 1. The Asteroidea (the Starfishes). 
Body, star-shaped; arms, five, single or mul- 
tiple, not sharply demarcated from the cen- 
tral disc; spines, short and blunt; two to four 
rows of tube feet, with suckers, extending 
along undersurface of each arm; distribution, 
Cambrian period to present time (Fig. 32-33). 

Class 2. The Echinoidea (the Sea Urchins, 


Sand Dollars, efc.). Body, hemispherical, 
disclike or egg-shaped; no arms; ossicles inter- 
linking and firmly sutured together; spines 
numerous, relatively long and movable; tube 
feet, numerous, with suckers; Ordovician 
period to present time (Fig. 32-33). 

Class 3. The Holothuroidea (the Sea Cu- 
cumbers). Body, sausage-shaped; no arms or 
spines; ossicles, numerous, of microscopic 
size; mouth, usually surrounded by retractile 
tentacles; Cambrian period to present time 
(Fig. 32-33). 
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Class 4. The Ophiuroidea (the Brittle Stars, 
etc.). Body, small, round, disanctly demar- 
cated; arms, five, slender, jointed, and flexi- 
ble, used Jor active locomotion; tube fect, 
in two rows, without suckers, mainly sensory 
in function; no anus; Mississippian period 
to present ume (Fig. 32-33). 

Class 5. The Crinoidea (the Sea Lilies). Body, 
cup-shaped, called a calyx, attached to sub- 
stratum, sometimes by aun elongate stalk; five 
double arms, with numerous side branches, 
giving a lernlike appearance to the organism; 
tube leet, suckerless; no madreporite; spines, 
absent; Cambrian period to present time 
(Figs 20). 

Relationship to Other Phyla. Even the 
oldest echinoderim fossils, found in early 
Cambrian. strata, clearly show most of the 
unique characteristics of the phylum. Con- 
sequently it is not possible to say precisely 
when these animals became separated as a 
distinct group. Echinoederm 
animals display several common features, 
particularly with reference to the embryonic 
(and Jarval) stages. In fact, many zoologists 
believe that Echinodermata and Chordata 
both evolved from the same stock (Fig. 29-11). 


and chordiute 


THE CHORDATA 


Overwhelmingly this last great phylum of 
the Animal Kingdom is dominated by the 
Vertebrata. These “back-boned aiimials” in- 
clude: aul fish, imypslibians, reptiles, birds, 
and mammals—plus some other less familiar 
forms. Despite Weir abundance and diversity, 
however, the Vertebrata are not ranked as 
an independent phylum. Rather they consti- 
tute the subphylum Vertebrata in the phylum 
Chordata. But the other chordate groups are 
represented by only a few relatively obscure 
and unfamiliar animals, namely, the acorn 
worms, tunicates, and lancelets (see below). 

Main Characteristics of the Phylum Chor- 
data. As was stated previously (p. 281), chor- 
date animals display three unique features. 

1. All chordates develop a notochord. This 
nonsegmented flexible, roclike structure hes 


embedded in the body wall along the dorsal 
midline, and serves as a functional endo- 
skeleton in lower Chordata (Fig. 15-10). But 
in the higher Chordata (Vertebrata), the 
notochord appears only transiently in_ the 
embryo. It is replaced more or less com- 
pletely in the adult by a permanent seg- 
mented axial skeleton, the vertebral column 
(“backbone”). 

2. All chordates possess a dorsally placed 
tubular nerve cord (Fig. 15-10). This is the 
central nervous system. Usually it exhibits 
an anterior swollen part, the brain, and a 
slenderer posterior part, the spial cord. 

3. All chordates have pharyngeal gill chan- 
nels (Fig. 15-10). Among lower Chordata (up 
through the fishes) these contain functional] 
ellls; but among higher forms (amphibians, 
reptiles, birds, and mammals) the gill slits 
are transient embryonic structures that be- 
come highly modified in dhe adult animal. 

Other Characteristics. Like 
forms, chordates are triploblastic, bilaterally 


other Ihigher 


svinmetrical, segmented animals, with a com- 
plete tubular cdigestivé tract and an extensive 
well-defined coclomic cavity. Typically they 
have a well-developed closed circulatory sys- 
tem, The heart occupies an anterior ventral 
posiuon, whereas the main distributing ves- 
sel] lies dorsally and conducts the blood ina 
posterior direcuon. Generally speaking, the 
respiratory, excretory, and reproductive or- 
gans are highly developed and these systems 
exhibit many homologies, at least through- 
OUP atA\ertebratar 

The Lower Chordata: Chordotes without 
“Backbones.” In addition to the Vertebrata, 
there are three other subphyla in the phy- 
lum Chordata. These are: (1) die Hemichor- 
data, (2) the Urochordata, and (3) the Cepha- 
lochordata. All these lower groups are small 
and all consist enurely of marine species pos- 
sessing no jaws and no paired appendages. 
Nevertheless, the lower chordates are very 
Interesting. They provide almost the only 
clues to the dithcult problem of how verte- 
bate animals arose. The later fossil record 
Is quite plain in regard to how the different 


vertebrates evolved and how the vertebrate 
classes are related to each other. But the 
earlier record is very poor. Apparently early 
chordates did not possess skeletal parts suit- 
able for fossilization and we are left to specu- 
late upon other clues including the study of 
the few surviving lower chordate forms. 
Subphylum 1: The Hemichordata. The acorn 
worms, or tongue worms (Fig. 32-36), are the 
principal representatives of the Hemichor- 
data. Typically, such animals possess a stiff 
tough proboscis (for burrowing), behind 
which lie an acorn-shaped collar and an 
elongate body (Fig. 32-36). Pharyngeal gill 
slits are present in the anterior section of the 
body, but the notochord is short, confined to 
the proboscis region and not exactly similar, 
structurally, to the notochords of other chor- 






Proboscis 


Gill slits 


Fig. 32-36. A hemichordate animal: the acorn worm 
(tongue worm), Dolichoglossus. Perhaps the extinct 
stock from which the hemichordates arose likewise 
gave rise to vertebrates. (From Genero! Zoology, by 
Miller and Houb. Holt, Rinehart and Winston, Inc.) 
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dates. Moreover, there is a ventral nerve cord 
in addition to the dorsal one; and only the 
anterior section of the dorsal nerve cord is 
hollow. The larval stages of Echinodermata 
and Hemichordata are very closely similar. 
This may indicate origin from a common 
early stock. 

Subphylum 2: The Urochordata. The Tunt- 
cata (Fig. 32-37), which collectively comprise 
the Urochordata, can be recognized as 
Chordata only during the larval stages. ‘The 
larval tunicate (Fig. 32-37) is an active swim- 
mer, which tends to resemble a good-sized 
tadpole. Sectioned specimens display a dor- 
sally placed, hollow nervous system, fairly 
distinct gill slits, and a notochord. ‘The noto- 
chord is typical, except that it lies mainly in 
the tail region. As adults, however, most 
tunicates become attached to the bottom, 
develop a tough muscular mantle or tunic 
around the body, and lose all resemblance to 
other Chordata, except that gill slits do 
persist. 

Subphylum 3: The Cephalochordata. ‘These 
tiny fishlike chordates seldom reach a length 
exceeding three inches. One common group 
is called lancelets because of the slender, 
tapered form (Fig. 32-38). For many years 
they were also called Amphioxus, but more 
recently the genus name Branchiostoma has 
received priority. Lancelets are quite widely 
distributed in tropical and semitropical 
waters, along the Atlantic and Pacific coasts, 
and in the Mecliterranean area; and in one 
locality, near Amoy on the southern coast of 
China, they are caught by the ton and used 
as food. 

As may be seen in Figure 15-10, the lancelet 
shows the three unique chordate features in 
unequivocal fashion. ‘The dorsal hollow nerv- 
ous system, gill slits, and notochord all are 
typical, and all persist as functional struc- 
tures in the adult animal. Moreover, these 
animals display other features that indicate 
a very close relationship to Vertebrata. These 
include: (1) a segmental arrangement of the 
muscles, (2) a segmental arrangement of the 
spinal nerves, each with a dorsal and ventral 


666 - Heredity and Evolution 
MOUTH ——ae< 






GANGLION 
— 


ATRIOPORE i 


nome 
Pat: 
wr. 


Kl 


ed 
5 


ATRIUM — 


ANUS - 


GONAD 
DUCT 


GONADS 
STOMACH 


ADULT 
DIAGRAMMATIC SECTION 


One of the urochordates (Tunicata). In the larval stage, but not in the adult, this 


Fig. 32-37. 
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animal appears to be a typical chordate (see text). 


root, (3) the origin of the main digestive 
gland as an outgrowth from the enteron, and 
(1) the position of the major blood vessels. 
All in all, therefore, it seems likely that the 
surviving Cephalochordata originated from 
the same ancestral stock as did the Vertebrata 
and that they give the best hints as to what 
the ancestral vertebrate stock was like. 
Subphylum 4: The Vertebrata. Vertebrates 
(Fics 32-39) were late starters: mm evolution: 
In fact, none of the familiar modern kinds 
le{t fossil remnants that can be dated earher 
than the Devonian perioc. Since then, how- 
ever, their biological success has been 1m- 
pressive. In the aquatic environment, which 
many vertebrates have not abandoned, the 
cartilaginous and bony fishes gave rise to 


many widely distributed dominant species. 
But on land the success has been even more 
spectacular. Many adult Amphibia are well- 
adapted terrestrial species, even though they 
almost always return to the water to lay their 
eggs and to spend their embryonic and larval 
(tadpole) stages. 

Vertebrate Characteristics. First and fore- 
most, of course, vertebrates ure chordate ant- 
mals, and all display the classic chordate [ea- 
tures. The notochord, however, which can 
easily be identified in the embryo, is always 
replaced either partially or completely by a 
segmented axial skeleton, the vertebral col- 
umn. The notochordal material becomes 
invaded by cartilage- or bone-lorming cells, 
which deposit the new skeletal material in 
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Fig. 32-38. 


Amphioxus. This primitive cephalochordate animal provides some clues to the problem of how 


vertebrates were evolved. (By permission from Integrated Principles of Zoology, by C. P. Hickman. C. V. Mosby 
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Fig. 32-39. The seven vertebrate classes. A, Cyclostamata, a lamprey; 8, Chandrichthyes, shark; C, Osteich- 
thyes, sunfish; D, Reptilia, alligator; E, Aves, awl; F, Mammalia, deer; G, Amphibia, frag. (A, C, E, and F 
by courtesy af Ohia Division af Wildlife Service; D, fram Ward’s Natural Science Establishment; and G, fram 
Edward S. Thomas. Camposite fram General Zaalagy, by Miller and Haub. Halt, Rinehart and Winston, Inc.) 
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blocks, or segments, the vertebrae. Each 
vertebra, typically, displays an archlike sec- 
tion, the neural arch, which grows dorsally 
around the nerve cord. Thus all the verte- 
brae together form a tunnellike protection 
for the spinal cord. Moreover, a protective 
encasement, the cranium, composed of either 
cartilage or bone, always develops around 
the anterior lurger part of the nerve cord, 
which later becomes the brain. In fact, some 
zoologists prefer to designate vertebrate ani- 
mals as Crantiata. 

AJ] organs and organ systems throughout 
the vertebrate group display a progressive 
series of homologies. (1) The jaws, which are 
present in all except the lowest group (p. 
668), are always derived from skeletal pieces 
present in the gill arches (between the gill 
slits). (2) The digestive tract has two miajor 
glands, the liver and pancreas, which arise as 
outgrowths from the intestinal part of the 
enteron. (3) The skin, or integument, always 
has a stratifed epithelium, and always con- 
sists of both ectoderm (the epidermis) and 
mesoderm (dermis). (1) Except lor the lower 
forms.aweiich haveten, Vertebrata havetwelve 
pairs of cranial nerves, each with a eharac- 
teristic pattern of connections with the vari- 
ous receptors and effectors in the head region, 
and there is one pair of double-rooted spinal 
nerves for each segment of the body. (5) The 
heart is always derived from a major blood 
vessel in the anterior ventral part of the body 
and shows a progressive development from 
the two-chambered structure of the fish to 
the three- and four-chambered lorm of the 
higher groups. (6) The arterial system dis- 
plavs a number of aortic arches (Fig. 17-14), 
leading from the ventral to the dorsal aorta. 
(7) The aortie arehes vary from five to six 
pairs 1n fish down to one single areh in birds 
and mammals. (8) Erythrocytes, bearing hemo- 
globin, are always present in the blood. (9) 
The lungs, when present, originate as out- 
growths from the pharynx. (10) Two pairs of 
jointed appendages, whether fins, wings, or 
legs, are highly characteristic, and the ap- 
pendages, which are all homologous as to 


their skeletal structure (Fig. 29-1), are sus- 
pended to the axial skeleton by girdles, the 
pectoral girdle anteriorly, and the pelvic 
girdle posteriorly. (11) The excretory organs 
and gonads arise in the dorsal region of the 
coelomic cavity and show a progressive series 
of modifications from lower to higher groups. 
(12) The endocrine glands and their manner 
of origin are similar throughout. In fact, 
homologies among Vertebrata are almost 
limitless, if all phases of the comparative 
anatomy and embryology are explored com- 
pletely, 

Classes of Vertebrata. (Fig. 32-39). Living 
vertebrates usually are subdivided into seven 
groups: Class 1: ‘The Cyclostomata (literally, 
“round-mouthed”); Class 2: The Chondrich- 
thyes (literally, “cartilaginous fish"’); Class 3: 
The Osteichthyes (literally, “bony fish"’); Class 
4: The Amphibia (literally, “double-lived’); 
Class 5: The Reptilia (reptiles); Class 6: The 
Aves (birds); and Class 7: The Mammalia 
(Maminals). Also there are two well-estab- 
lished extinct classes: (1) the ancient jawless 
fishes (Ostracodermi), which did not have 
any jaws and usually possessed a heavy armor 
of large fused seales, covering the head and 
front part of the body; and (2) the ancient 
jawed fish (Placodermt), which had very 
prinitive, incomplete jaws and (usually) a 
lighter armor composed of smaller scales. 

The Cyclastomata (lampreys, hagfishes, and 
slime eels). hese are the most primitive of 
living Vertebrata. All are small (under three 
feet long), eellike, aquatic animals (Fig. 32- 
39). Cyclostomates are unique among living 
vertebrates because they do not possess any 
jaws. Moreover, the notochord persists mM 
the adult as a functional skeletal structure; 
that is, the segmented vertebral column is 
represented only by a series of cartilaginous 
neural arches protecting the spinal cord. 
There are no seales, paired fins, or skeletal 
girdles. Frequently the Cyclostomata and 
Ostracodermi are grouped together in a sepa- 
rate category, the Agnatha (literally, “‘with- 
out jaws’). 

Probably the most familiar of the cyclo- 


stomes are the Jampreys (Fig. 32-39). Unlike 
other vertebrates, these animals are parasitic. 
The mouth lies at the center of a circular 
sucker, which enables the animal to attach 
itself to a passing fish. Also the mouth is 
equipped with a sharp-toothed tongue. This 
bores through the skin of the fish, allowing 
the lamprey to suck out blood and other 
body fluids. Then the parasite detaches it- 
self and seeks another temporary host. Thus 
large numbers of fish may be damaged or 
even killed, if the lamprey population is 
abundant. Recently, the lampreys of the 
Great Lakes of North America have become a 
serious menace to the fishing industry, espe- 
cially with reference to the lake trout, a fish 
of considerable economic value. Previously, 
there were no lampreys in the Great Lakes, 
but a marine species (Petromyzon marinus) 
gained entrance via the Welland Canal, an 
artificially constructed waterway. 

The Chondrichthyes. Today the cartilaginous 
fish are represented mainly by the sharks 
(Fig. 32-39), dogfishes, and rays (skates). How- 
ever, the group can be traced back to Silurian 
times when it included many forms long since 
extinct. All are oceanic and, except for the 
rays, which are bottom dwellers, all are fast- 
swimming, voracious predators. One shark, 
the whale shark, has the distinction of being 
the largest true fish, reaching a length of 
more than 50 feet. Some of the rays (Fig. 
24-11) possess high-voltage electric organs 
with which they stun their prey. 

The mouth of the cartilaginous fish dis- 
plays definite jaws, hinged to the cranium 
and derived from the gill arches; and usually 
the mouth is located ventrally, some distance 
behind the anterior end of the animal. The 
entire skeleton, including the jaws, cranium, 
vertebrae, and pieces supporting the parred 
fins and gill arches, is composed of cartilage; 
that is, no true bone (p. 289) is present. How- 
ever, sometimes the cartilage may be par- 
tially calcified. Remnants of the notochord 
are found in and between the vertebrae. 

The skin of the typical cartilaginous fish 
is clothed by a large number of small but 
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uniquely formed, sharply pointed scales, 
called placoid scales. These are minute rep- 
licas of the larger teet/, many rows of which 
are found in the anterior part of the mouth 
cavity of the shark and other forms. Placoid 
scales appear to be homologous to the teeth 
of higher vertebrates generally, including 
man. Externally each displays a layer of 
dense hard material, which chemically and 
histologically is indistinguishable from en- 
amel (Fig. 16-14). Then there is a layer of 
dentine, which encloses a pulp cavity, con- 
taining a nerve branch, blood vessels, and 
other soft tissues. Moreover, the fossil record, 
which favors the preservation of teeth and 
other hard parts, provides abundant evi- 
dence that the teeth of higher vertebrates 
have been evolved from the placoid scales of 
lower forms. 

‘The cartilaginous fish (also called Elasmo- 
branchi) possess another distinctive feature. 
All have a complex spiral infolding of the 
intestinal wall. This spiral valve serves to in- 
crease the absorbing capacity of the digestive 
tract. 

The Osteichthyes. hese familiar bony fishes 
inhabit salt and fresh waters in tremendous 
abundance and variety (Fig. 32-39). 

Typically the skeleton is composed mainly 
of true bone (p. 289), although in the em- 
bryo, following the notochordal stage, the 
pattern of the adult skeleton is first laid 
down in cartilage, as in higher Vertebrata 
generally. Well-developed hinged jaws sup- 
port the anteriorly placed mouth; the cra- 
nium in most forms is very completely ossi- 
fied; the paired fins have a bony skeleton 
and are suspended from the vertebral column 
by girdles. Remnants of the notochord are 
found in and between the segments of the 
vertebral column. The scales are of several 
kinds, but none of the bony fish has placoid 
scales. 

Many bony fish have swim bladders, which 
enable them to regulate their buoyancy in 
accordance with the depth at which they 
are swimming. In one group (the Dipnoi, or 
lung fishes) the swim bladder retains a tubu- 
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Fig. 32-40. A Jung fish (Dipnai) being removed fram 
cake af mud in which it was shipped fram Africa. 
(Capyright, General Biological Supply House, Inc.) 


lar connection with the pharynx and dis- 
plays a lunglike structure. Such “lungs,” mn 
fact, are able to carry on respiration during 
periods when these creatures are left stranded 
in mud at the bottom of a dried-up pond or 
lake (Fig. 32-10). 

One virtually extinct group of bony fish 
(the Crossopterygu, or lobe-foined fishes) are 
of particular interest because they gave rise 
to the Amphibia. These fish tend to resemble 
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Fig. 32-41. 





Amphibia, especially as to the pattern of the 
skull bones, the arrangement of the fin bones, 
and the structure of the teeth. For many years, 
the lobe-finned fish were considered to be 
completely extinct. But in 1938, off the coast 
of South Africa, a five-foot coelacanth (one 
of the crossopterygian orders) was caught at 
a depthimof about 250) leec by a conunercial 
And since then the fisher- 
sumulated by 


trawling vessel. 
men of that general region, 
generous rewards offered) by museums, have 
succeeded in catching three or four more 
specimens (Fig. 32-41). 

The Amphibia. Three groups of modern 
Amphibia have been evolved: (1) the Uro- 
dela—salamanders, newts, mud puppies, and 
other Amphibia having a distinct tail; (2) 
the Anura—trogs (Fig. 32-39), toads, and 
other forms that do not fave tails; and (3) 
the Apoda, a very small group of Immbless, 
burrowing Amphibia, with elongate cylin- 
drical, wormlike bodies. 

The ancient Amphibia became extremely 
abundant during the Permian and Triassic 
periods. These early forms, in fact, were the 
first vertebrates to invade the land environ- 
ment. ‘The Amphibia, accordingly, display a 
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Model of Latimeria, the only surviving representative of the ancient labe-finned fishes. These crass- 


apterygians, which were very abundant 75 million years aga, were believed ta be extinct, until quite recently. 
Since 1938, hawever, several specimens af this fish have been caught in deep water off the caast af South Africa. 


(Caurtesy of the American Museum of Natural Histary, New York.) 


limited or transitional sort of terrestrial 
adaptation. Except for a few, like the mid- 
wife toad, which carries its eggs and young 
embedded in the skin of the female, all 
amphibians return to the water to lay their 
eggs and all spend the embryonic and larva] 
stages of their life in the aquatic environ- 
ment. All have relatively simple lungs; and 
most carry on a supplemental respiration 
through the skin, which typically is moist and 
devoid of scales. On dry land, such a skin 
permits considerable water to be lost and, 
except for toads and a few other forms hav- 
ing a cornified skin, most amphibians fre- 
quently return to some pond or lake to 
reabsorb more water. 

Typically, the amphibian possesses two 
pairs of legs, each with four or five toes 
(webbed in the hind limb). A pair of nasal 
passages leacls from the outside into the 
mouth cavity. The skeleton is largely bony 
and there is little or no residual notochordal 
material in the adult. The heart displays 
three chambers (two auricles and one ven- 
tricle) and usually only one pair of aortic 
arches is represented in the systemic circula- 
tion. Typically the mouth has numerous fine 
teeth and a protrusible tongue. 

The earliest amphibian fossils are found 
in formations of the Devonian period, a 
time when periodic droughts prevailed. These 
ancient Amphibia resembled some of the 
lobe-finned fishes. These fish had lJunglike 
swim bladders, which could be used for aerial 
respiration, and limblike fins, which enabled 
them to clamber overland in search of a 
deeper pool, when a shallower one dried up. 
On the other hand, another group of ancient 
Amphibia had a crocodilelike form, large 
complexly ridged teeth, and a body armored 
with hard dermal plates, and probably these 
Labyrinthodonta represent the stock from 
which the reptiles (and hence all higher Ver- 
tebrata) took origin. 

The Reptiles. Modern reptiles, although 
numerous and varied, occupy a relatively 
minor position in comparison with other 
vertebrates. But during the Mesozoic era, 
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which often is called the Age of the Rep- 
tiles, they were the dominant animals. They 
ranged in size from small lizards to gigantic 
dinosaurs. For example, Diplodocus (Fig. 29- 
8) reached a length of 90 feet and weighed 
about 30 tons. The ancient reptiles, more- 
over, usurped almost every type of land 
habitat, from the lowlands, whether swampy 
or arid, to the dry highlands; and some, 
even though air-breathing, lived in the ocean; 
and a few, the pterodactyls, took to the air. 

The earliest reptile fossils, found in late 
formations of the Carboniferous period, are 
scarcely distinguishable from Amphibia. By 
the end of the Triassic period, however, 
fourteen major reptilian orders had evolved. 
Ten of these became extinct by the end of 
the Cretaceous period; but the other four 
gave rise to the four now living groups. These 
are as follows: (1) turtles, tortoises, and simi- 
lar forms (order Chelonia); (2) crocodiles and 
alligators (order Crocodilia); (3) snakes, 
lizards, and similar forms (order Squamata); 
and (4) a very primitive type, represented 
solely by the lizard-type tuatara of New Zea- 
Jand, which has a well-developed median eye 
and does not have any copulatory organ 
(order Rhynchocephalia). 

The success of the reptiles, particularly 
with reference to their ability to occupy dry 
areas on the land, derives from a combina- 
tion of several features. The body is pro- 
tected by a thick cornified skin, superim- 
posed upon which, usually, there are a 
number of closely fitting scales, or scutes. 
Usually there are two pairs of limbs, each 
equipped with five clawecl toes, suitable for 
running, climbing, or crawling. However, in 
aquatic forms, the limbs are paddlelike; in 
some extinct reptiles they were wings; and 
in snakes and some lizards they are vestigial 
or absent. The lungs and the pulmonary cir- 
culation are well developed. The heart 1s 
four-chambered, and although the separa- 
tion of right and left ventricles 1s not com- 
plete (except in the Crocodilia), very little 
mixing of aerated and unaerated blood oc- 
curs (p. 326). The cranium, vertebral column, 
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girdles, and appendicular parts of the skele- 
ton are very well ossified. Copulatory organs 
have been developed so that fertilization 1s 
generally internal. And last but not least, 
reptilian eggs can develop in dry localities 
on land. Typically, each is covered by a 
tough moisture-proofed shell and richly sup- 
plied with yolk. Moreover, the embryo pos- 
sesses an efficient set of extraembryonic mem- 
braves. (p, 389) with which at: meets its 
respiratory, excretory, and other nutritive 
necds during development. 

The fossil and other evidence strongly in- 
dicates that both birds and mammals orig- 
inated from reptilian stocks during the Trias- 
sic period. Fossils of ancient birds, however, 
are relatively scarce and the bridge to the 
ancient birdlike reptiles (thecodonts) is not 
complete. 

The Birds: Class Aves. leathers, which repre- 
sent highly modified reptilian scales, are 
unique possessions of the birds. All birds 
have them and no other feathered creature 
has ever appeared upon the evolutionary 
scene. Moreover, these light, plane-surfaced 
integumental structures have played a domi- 
nant role in determining the biological suc- 
cess of the many species of modern birds. 

The feathered wings and tail of the typical 
bird are highly efhcient as {lying mechanisms; 
and the ability of birds to fly and to migrate 
long distances has enormously extended and 
diversified the range of habitats available to 
the numerous and highly varied species. 
Moreover, the feathered skin of the bird is 
even more effective than the hairy skin of 
the mammal in providing the body with a 
thermal insulation. Such an insulation makes 
it possible for the birds (and mammals) to 
maintain a “constant” body temperature 
(with very slight variation) in the range of 
257 to 40° GC, which is well above the usual 
environmental temperature. The homoio- 
thermic animals (p. 582), consequently, are 
able to maintain their metabolic activities at 
a high pitch of efficiency despite climate and 
season. They can “stay in business” winter 
and summer, even in truly arctic regions. 


This is in sharp contrast to all other ani- 
mals, including lower vertebrates, in which 
the body temperature varies according to the 
environment. Such poikilothermic animals 
may be very active under warm conditions, 
but they tend to become sluggish when it 
gets colder. And finally, most poikilotherms 
are forced to go into a dormant (hibernating) 
state if the temperature falls to a critical 
degree (usually in the range between 0° and 
10° C). 

In addition to feathers and to forelimbs 
that are modified into wings, birds display 
some other distinctive characteristics. ‘These, 
all in all, give birds, compared to reptiles, a 
higher status. The typically four-toed hind- 
limbs are adapted for perching, walking, or 
running; or they may be webbed for swim- 
ming. The skeleton is light, but strong and 
fully ossified. The mouth is equipped with a 
horny projecting beak, but teeth are lacking, 
except in a few ancient species, all extinct. 
The pelvic girdle, although open ventrally, is 
firmly attached dorsally to a long series of 
the vertebrae, and the large sternum possesses 
a prominent keel, from which the powerful 
wing muscles take origin. The heart is four- 
chambered with completely separate right 
and left ventricles, and the persistent aortic 
arch, which becomes the main systemic ar- 
tery, is on the right side, rather than on the 
left (as in mammals). The lungs are compact 
and efficient. However, respiration is aug- 
mented by a number of air sacs, which orig- 
inate from the lungs and extend out into the 
spaces between the other organs and even, 
to some extent, into the bones. The “voice 
box” is not a single larynx (modified upper 
part of the trachea) but rather a double 
structure, the syrinx, situated at the fork 
where the bronchi take origin from the tra- 
chea. Fertilization is internal; the eggs are 
heavily yolked and covered with a calcareous 
shell; and well-developed embryonic mem- 
branes (amnion, chorion, allantois, and yolk 
sac) provide for the nutritional necessities 
during development. 

Ornithology (Gr. ornes, “bird’”) has al- 


ways been a popular study. Birds are every- 
where and the beauty of their colors and 
songs and the diversity of their behavior pro- 
vide an endless fascination. Bird migrations, 
particularly, have received intensive study, 
but still they are not completely understood. 
Some birds, like the quail, are strictly local, 
while others, like the robin, migrate just a 
few hundred miles, toward the tropics in the 
fall and in the opposite direction in the 
spring. But the arctic tern annually migrates 
back and forth over a distance of more than 
20,000 miles from Alaska to Patagonia. Just 
how it is guided between its winter and sum- 
mer quarters is still quite problematical. 

The Mammals. If the Mesozoic era can be 
regarded as the Age of Reptiles, certainly 
the Cenozoic deserves to be called the Age 
of Mammals. The oldest mammalian fossils 
were formed much earlier, in early Triassic 
formations. These indicate that mammals 
originated from an ancient reptilian group, 
the Therapsida. Slowly the mammals in- 
creased in abundance and diversity, reaching 
a climax toward the end of the Tertiary 
period. Subsequently they have shown a small 
decline but today they are still dominant 
among land animals. The bony structure of 
the mammal appears to have been well 
adapted to fossilization and the lines of con- 
nection between the modern and the ancient 
mammals are quite clear. 

Mammals are distinguished by their hairy 
skin and by mammary glands that produce 
milk in the female. Typically also there are 
sebaceous and perspiration glands in the 
skin, and generally the teeth are of three 
kinds—incisors, canines, and molars (p. 299). 
All higher mammals also possess a placenta 
(p. 389). This temporary reproductive organ, 
in which the capillary circulations of mother 
and embryo lie in intimate juxtaposition, 
permits the mother to nourish the embryo 
and to keep it in the uterus until it reaches 
a relatively advanced state of development. 
However, a few primitive mammals (Mono- 
tremata) still lay eggs; and another smal] 
group (Marsupialia), also lacking a placenta, 
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deliver the young from the uterus while they 
are still exceedingly immature (Fig. 32-42). 

Only mammals have a diaphragm (p. 297) 
separating the abdominal from the thoracic 
and pericardial cavities; and the mammahian 
voice box is a single structure, the larynx, 
in contrast to its avian counterpart, the 
double syrinx. 

Mammals resemble birds in that they are 
homoiothermic and because they have a 
four-chambered heart, which does not per- 
mit any mixing of aerated and nonaerated 
blood. However, in mammals the main sys- 
temic artery (aorta) is derived from a left 
aortic arch of the embryo, rather than from 
a right one, as it is in birds. 

Typically the mammal has four limbs, with 
five or less clawed, hoofed, or nailed toes, 
although the hindlimbs are vestigial or 
absent in a few aquatic forms (for example, 
whales). Usually the limbs are adapted for 
walking, running, or climbing. However, a 
few forms have limbs modified for burrow- 
ing (moles), for swimming (seals), or for fly- 
ing (bats). 

Modern mammals occur in three main 
groups: (1) the Prototheria (egg-laying mam- 
mals); (2) Metatheria (pouched mammals); 
and (3) Eutheria (placental mammals). 

THE PROTOTHERIA, OR MONOTREMATA. 
These are represented solely by the duck- 
billed platypus (Fig. 21-13) and a very few 
species of spiny anteaters, all from Australia 
and neighboring islands. All are very primi- 
tive forms, which have retained the egg-lay- 
ing habits of their reptilian ancestors. ‘The 
very small, “semiembryonic” young, on 
hatching from the eggs, feed upon milk 
Japped up from numerous scattered mam- 
mary glands present on the belly of the 
mother. 

THE METATHERIA. These mammals are 
best represented by marsupials, such as the 
kangaroo. Marsupials are considerably less 
primitive than monotremes, but still they 
do not possess a placenta. Fertilization is 
internal, but the embryos are kept in utero 
for only a short time. Upon delivery the very 
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Recently delivered young of an opossum, gently removed from the marsupial pouch of the mother 


without disturbing their attachment to the mammary nipples. Marsupials, lacking a placenta, deliver the young 
in a very immature and helpless state. (Copyright, Genera! Biological Supply House, Inc.) 


small, incompletely developed, helpless young 
are placed in the marsupium, a pouchlike 
infolding of skin on the mother’s belly. Here 
they establish an oral connection with the 
nipples of the mammary glands (Fig. 32-42). 
In the marsupium the young are carried, nur- 
tured, and protected until they develop mto 
active animals almost ready to fend for them- 
selves, 

Monotremes and all marsupials, except 
the opossum, occur naturally only in the 
Austrahan region. Here, however, the mar- 
suplals particularly have achievecdt consicter- 
able abundance and diversity. In Australia 
one finds not only kangaroos, wombats, and 
wallabies, but also marsupial “cats,” “mice,” 
“shrews,’ “moles, ANCE Beverle cl 
pouched species resembling the woll. Appar- 
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ently these primitive mammals, which once 
inhabited many regions of the ancient world, 
escaped extinction in Australia because this 
large island became isolated from the main- 
land. The isolation occurred quite early, be- 
fore the higher placentate types had reached 
Australia. Consequently the evolving marsu- 
pials of Australia, unlike those of other re- 
gions, were not swamped out by competition 
from increasing hordes of fitter (placentate) 
mammals. 

THE EUTHERIA, OR PLACENTAL MAMMALS. 
These higher forms, having a placenta, are 
able to carry and nurture the embryos 7 
uicro and to postpone delivery until the 
young have developed to a relatively ad- 
vanced state. Sometimes the offspring are 
able almost mnmediately to run (horses), 


climb (monkeys), or swim (whales); but in 
other species, such as man, the newborn 
babies must develop even further hefore they 
can begin to fend for themselves. 

Unquestionably man and many other pla- 
centate mammals represent dominant ant- 
mals in the world of today. There are, to be 
sure, only about 5000 species, but these are 
diversely adapted to many sorts of environ- 
ment (Table 32-2). Moreover, various pla- 
centates have had tremendous impact upon 
man’s life, starting long before the dawn of 
civilization, when game mammals provided 
primitive man with much of his food and 
clothing. And in civilized times, man’s domes- 
ticated mammals alone have been of incal- 
culable importance. Without cattle, sheep, 
dogs, pigs, horses, donkeys, oxen, llamas, yaks, 
elephants, and so on—as providers of meat, 
milk, leather, clothes, and endless other 
things, including just brute strength for the 
bearing of burdens—the economic basis of 
modern civilization would have been very 
much more restricted. 

The Eutheria, or placental mammals, are 
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widely distributed in nature and they include 
many species that are very familiar and im- 
portant. In fact, these animals are so abun- 
dant and diverse that only the briefest survey 
of the principal types can be gtven here 
(Table 32-2), 

Barlyoin- the frst, €poech of ihe: J ertrary. 
period a number of placental mammals quite 
different from those of toclay began to ap- 
pear. But these archaic placentates did not 
survive much beyond the epoch. Their place 
was quickly taken by a rising ticle of moclern 
placentates; and by the end of the fourth 
epoch (Miocene) all our present-day types, 
plus some others that did not endure, had 
been evolved. ‘The earliest primate (Table 
32-2) fossils, apparently, came from Jemurlike 
creatures that lived concurrently with the 
archaic placentates. However, it was not until 
the third (Oligocene) epoch of the Tertiary 
that Anthropoidea began to appear; and it 
seems fairly certain that no member of the 
genus Homo appeared until the Pleistocene 
epoch of the Quaternary period, about half 
a million years ago. 


Table 32-2—Some Principal Orders of the Eutheria (Placental Mammals) 





Distinguishing Features 


Small size; Jong tapered snout; usually 5-toed; 


show primitive structures suggestive of the earli- 


est placental mammals; one kind of shrew weighs 
less than 14 ounce; in moles the eyes are covered, 
and the feet are spadelike, for tunneling under 
the earth. 





Small mouselike mammals, capable of true flight; 


forelimbs (sometimes hindlimbs also) modified, 
forming leathery wings; suck blood or eat insects 
or fruit; flight guided in darkness hy echoes of 
supersonic (to other animals) squeaks—a sort of 
radar system. 


Order Common Kinds 
Insectivora | Moles, shrews, hedgehogs 
Chiroptera Bats 
Rodentia Rats, mice, squirrels, 


beavers, guinea pigs, 
chinchillas, ete. 





Relatively small gnawing mammals with exposed 
continuously growing incisor teeth; no canines 
and well-developed molars; usually with 5-toed 


clawed feet. 
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Table 32-2—Some Principal Orders of the Eutheria (Placental Mammals)—Continued 


Order Common Kinds 


Edentata Armadillos, scaly 
anceaters, sloths 


Carnivora Lions, panthers, cats, dogs, 


foxes, wolves, minks, 
weasels, skunks, seals, wal- 
PeUSeS etc, 


Ungulata Group |. Cattle, sheep, 
pigs, deer, giraffes, etc. 


Group 22 Horses..zebras, 
tapirs, rhinoceroses, etc. 


Proboscidea | Elephants 


Cetacea Whales, dolphins, and 
porpoises 


Primiutes Lemurs, monkeys, apes, 
and man 


Distinguish ing Features 





Teeth absent or almost absent, that is, reduced to 
enamelless vestiges of the molars; often with 
elongate protrusible tongue (anteaters) or long 
curved claws (sloths). 


Small to fairly large flesh-eating mammals with 


small incisors, large fanglike canines, and sharp 
molars; legs highly mobile; usually with five 
clawed toes. 


Fairly large hoofed mammals of herbivorous 


habit; incisors and molars well developed; often 
fast running, by virtue of elongation of one or 
more of the toes; in Group | (Artiodactyla), the 
toes are of even number (2-+); in Group 2 (Peris- 
sodactyla), the toes are of odd number (1-3). 





Generally massive mammals with nose and upper 
lip modified greatly, forming a long, flexible, 
muscular proboscis, or trunk; skin thick (pachy- 
dermatous), loose, and sparsly provided with 
hair; two of upper incisors elongated into tusks; 
heavy molars with deeply ridged grinding sur- 
face; the gestation period lasts about 20 months; 
voung weigh about 20 pounds at birth; maximum 
recorded individual age, about 50 years. 





Marine mammals sometimes of great size; fore- 
limbs finlike swimming organs, hindlimbs ab- 
sent or reduced to vestigial internal remnants; 
body streamlined, with an extra thick thermal 
insulation of fatty tissue (blubber); include the 
largest known animal, the sulfur-bottomed whale, 
which reaches a length exceeding 100 feet and a 
weight exceeding 150 tons. 





Terrestrial mammals, frequently of arboreal 
habit; limbs elongate; forelimbs with well-devel- 
oped five-digited hands, the innermost digit being 
apposable for grasping and climbing; nails flat or 
cupped; brain and eyes highly developed; eyes 
directed forward; usually producing just one off- 
spring with each gestation. 
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TEST QUESTIONS 


Explain why the criteria for the classification 
of animals and plants may be different, al- 
though the principles remain the same. 
Differentiate between Protozoa and Metazoa. 
Differentiate between the terms given in each 
of the following groups. In each case pro- 
vide an example. 

a. saccular vs. tubular enterons 
a colony vs. a multicellular organism 
spherical, radial, and bilateral symmetry 
diploblastic vs. triploblastic organization 
open vs. closed circulatory systems 
an exoskeleton vs. an endoskeleton 
germ vs. soniatic cells 
Ciliata vs. Suctoria 

1. macronuclei vs. micronuclei 
Carefully identify and give an example of 
each of the following: (1) choanoflagellate; 
(2) gastral layer; (3) spongin; (4) amoebo- 
cyte; (5) amphiblastula; (6) nematoblast; (7) 
hypnotoxin; (8) interstitial cells; (9) proto- 
neurons; (10) cephafization; (11) flame cells; 
(12) hemolymph; (13) cercaria; (14) scolex; 
(15) onchospheres; (16) hydatid cyst; (17) 
pseudocoelom; (18) stylet; (19) lophophore; 
(20) avicularium; (21) peduncle; (22) neph- 
ridia; (23) metamerism; (24) parapodia; (25) 
setae; (26) cerchral ganglia; (27) radula; (28) 
spiracles; (29) tracheae; (30) book lungs; (31) 
seminal receptacles; (32) ossicles; (33) madre- 
porite; (34) tube feet; (35) ampullae; (36) ves- 
tigial anus; (37) dermal branchiae; (38) nerve 
ring; (39) perihaemal system; (40) placoid 
scales; (41) swim bladder; (42) spiral valve; 
(43) homotothermy; (44) syrinx. 
Specify the classes of the Protozoa and name 
an organism belonging to each class. 
Name four pathogenic protozoans and evalu- 
ate their medical importance. 
Differentiate between foraminiferous 
radiolarian oozes. 
Explain why the study of micropaleontology 
has become quite important in the petro- 
Jcum industry. 
Point out two important similarities and two 
important differences between the Porifera 
and the Coelenterata. 
Differentiate among the four classes of the 
Coelenterata. 


“Foe moans 


and 


Ions 


13. 


14. 


15s 


17. 


19. 


ea 
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24. 


25. 


26. 


Zi. 


28. 


What is the basis for beheving that the 
coefenterate stock gave rise to many of the 
higher phyla? 
Differentiate 
ctenophores. 
Literally, what does the term Platyhelminthes 
mean? 

Enumerate the organizational advances dis- 
played by the flatworms. What primitive 
characteristics do they also display? 
Differentiate among the three classes of flat- 
worms. Which of the class is the most im- 
portant from a medical viewpoint? 

Specify four flatworm parasites and evalu- 
ate the medical importance of each. Sketch 
in the life cycle of each. 

What is the basis for thinking that the platy- 
helminth stock provided a main line of evo- 
lutionary ascent in the animal kingdom? 
Differentiate among Nemertinea, Nemat- 
helminthes, Rotifera, Bryozoa, and Brachio- 
poda. What important organizational ad- 
vances first appeared in these groups? 
Among the Nemathelminthes, specify one 
species that parasitizes plants and three that 
infest man. Evaluate the importance, in each 
case. 

Give two reasons why it is not wise to eat 
undercooked pork. 

Are there any unique features displayed by 
Annelida? What combination of characteris- 
tics would serve to distinguish Annelida from 
Vertebrata and other major animal groups? 
Differentiate among the four classes of 
Annelida and give an example of each. 
Explain the basis for thinking that the Anne- 
lida stock may have given rise to some of the 
higher animal groups. 

What unique features are displayed by 
Mollusca? 

Differentiate amongst the five classes of Mol- 
lusca and give an example of each. 

Discuss the various types of locomotion dis- 
played by different mollusks. 

Apparently the molluscan stock did not give 
rise to any of the higher groups of animals. 
Explain and discuss this statement. 
Differentiate among the seven classes of Ar- 
thropoda and give an example of each. 
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Specily four muportant similarities and two 
mnportant differences between arthropod and 
vertebrate animals. 

In what ways are arthropods similar to and 
different from annelids? 

Briefly cliscuss the adaptations to terrestrial 
conditions that are found among Arthro- 
poda. 

Briefly describe the organization of an Insect 
society such as a bee hive or a termite colony. 
Some insects display a limited capacity to 
form conditioned reflexes. Explain and sub- 
stantrite chis statement. 

sricfly discuss the communication system uti- 
lized by certain bees. 

What weique features are displayed by echt- 
noderm animals? 

Differentiate among the five classes of Echt- 
nodermata and give an example of each. 
Hazard: an ‘opinion as to: why the Echino- 


dermata have not evolved any terrestrial 
species. 
What organizational features commonly 


found among higher animals are also found 
amony the Echinodermata? 

Specify three weigue characteristics displayed 
by chordate animals. 


47. 


48. 


ao) 


Differentiate amongst the four subphyla of 
the Chordata. 

How do vertebrates differ from all other 
chordates? How are they similar? 

Specify ten characteristics always found in 
vertebrate animals. Which of these are unique 
(0 the Wertebrita? 
Differentiate among the 
Vertebrata and give an example of each. 
Explain the terms Cranjata and Agnatha. 
Name one parasitic vertebrate animal and 
evaluate its cconomic importance. 

Identify each of the following groups and 
indicate the relationships of each: (1) Dipnot; 
(2) Crossopterygia; (3) Coelacanths: (4) 
Apoda; (5) Labyrinthodonts; (6) Dinosaurs; 
(7) Therapsids; (8) Archaic placentates. 
Discuss the biological significance of: 
feathers; (bb) the ‘placenta; 
glands. 

Distinguish among the Prototheria, Meta- 
theria, and Eutheria. Give an example of 
each. 

Briefly explain how and why monotremes 
and marsupials are quite prevalent in Aus- 
tralia but not elsewhere in the world. 


seven classes of 


(2) 


(c) mammary 
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APPENDIX 


APPENDIX 1 
Classification of Organisms 


THIS CLASSIFICATION often includes 
the classes and sometimes also the orders. 
The phyla within each kingdom, and the 
classes within each phylum are arranged, so 
far as possible, in order of increasing com- 
plexity. 

The number of species given for each 
phylum is the approximate number of living 
species described and named. In many, prob- 
ably most, phyla there are undoubtedly many 
more species still undescribed. 


Kingdom PLANTAE 


Organisms usually having rigid cell walls; 
nutrition autotrophic, saprophytic, or para- 
sitic. The line between the plant and ani- 
mal] kingdoms is not at all sharp, as explained 
i the: text, 


I. Subkingdom THALLOPHYTA 


Primitive, mainly aquatic plants, with no 
embryo stage in development and no highly 
differentiated tissues. 

Phylum CYANOPHYTA: the blue-green al- 
gae; no distinct nuclei or chloroplasts; prob- 
ably the most primitive of existing plants. 
(2300 species.) 

Phylum EUGLENOPHYTA: euglenoids; with 
flexible cell walls; flagellated; sexual repro- 
duction virtually absent; store paramylum; 
nuclei and chloroplasts well defined. (250 
species.) 

Phylum CHLOROPHYTA: the green algae; 
including desmids; unicellular, colonial, or 
simple multicellular forms, with definite nu- 
clei and chloroplasts. (6000 species.) 


Phylum CHRYSOPHYTA: the yellow-green 
algae, the golden-brown algae, and the dia- 
toms. (5000 spectes.) 

Phylum PYRROPHYTA: the cryptomonads 
and dinoflagellates. (3000 species.) 

Phyluin PHAEOPHYTA: the brown algae, 
with multicellular, often large bocies—the 
large seawecds. (1000 specics.) 

Phylum RHODOPHYTA: the red algae. Mul- 
ticellular, usually marine plants, sometimes 
Impregnated with calcium carbonate. (3000 
species.) 

Phylum SCUIZOMYCOPHYTA: the bacteria. 
(3000 species.) 

Phyluni MYXOMYCOPHYTA: the © slime 
molds. The body consists of a mass of proto- 
plasm containing many nuclet, but not 
sharply divided into cells. Movement by ame- 
boid motion (2500? species.) 

Phyluni EUMYCOPHYTA: the true fungi. 
(70,000 species.) 

Class Phycomycetes: the algal fungi—bread 
molds and leaf molds. 

Class Ascomycetes: the sac fungi—yeasts, 
mildews, and cheese molds. 

Class Basidiomycetes: mushrooms, toad- 
stools, rusts, and smuts. 

Class Deuteromycetes: a heterogeneous col- 
lection of fungi in which sexual reproduction 
is unknown, and which are not easily as- 
signed to one of the other classes. 


IJ. Subkingdom EMBRYOPHYTA 


Plants with an embryo stage in development; 
generally less primitive; more or less adapted 
to terrestrial conditions. 

Phylum BRYOPHYTA: multicellular, usu- 
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ally terrestrial, plants, with regular alterna- 
tion of generations; (he sporophyte always 
dependent on the gametophyte; lack true 
vascular tissues (xyleni and phloem). (23,000 
species.) 

Class Hepaticae: the liverworts; usually 
simple, flat plants without stem or leaves. 

Class ALusct: the mosses. 

Class Anthocerotae: the hornworts. 

Phylum TRACHEOPHYTA: 
plants, having definite xylem and phloem 
tissues. (265,000 specics.) 

Subphylum PsiLorsipA: a mainly extinct 


true vascular 


group of leafless, rootless, vascular plants. 

Subphylum Lycorsipa: the modern club 
mosses belong to this largely extinct group; 
having simple conducting tissues, poor roots, 
and very small green leaves. 

Subphylum spHENorsipA: the horsetarls are 
the modern representatives of this previously 
abundant group; stems display joints and the 
leaves are small and scalehke; simple con- 
ducting tissues. 

Subphylum preropsipa: well-adapted land 
plants, with complex vascular tissues, an ex- 
cellent root system, and large, conspicuous 
leaves. 

Class Filicinae: the ferns and related forms; 
numerous cxtinct as well as living species. 

Class Gymnospermae: conifers, cycads, etc.; 
no ovule case or true flowers; no fruits. 

Class flowering plants; 
ovules completely enclosed in an ovule case; 
seeds enclosed within a fruit. 

Subclass Monocotyledoneae: grasses, lilies, 


Angiospermae: 


orchids, etc.; embryo with a single cotyledon; 
vascular bundles scattered through the stem; 
leaves with parallel veins; flower parts in 
threes or sixes. 

Subclass Dicotyledoneae: flowering plants; 
embryo with two cotyledons; vascular bun- 
dies in a ring in the stem; leaves with netlike 
venation; flower parts 1n fours or fives. 


Kingdom ANIMALIA 


Organisms usually without rigid cell walls or 
chlorophyll; nutrition usually holozoic. 


Phylum PROTOZOA: unicellular or simple 
colonial animals, usually with distinct nu- 
cleus and cytoplasm; with or without sexual 
reproduction. (20,000 species.) 

Class Mastigophora: the flagellates. 

Class Sarcodina: protozoans with pseudo- 
pocia. 

Class Cihophora: protozoans with cilia. 

Class Sporozoa: parasitic protozoans, usu- 
ally without locomotive or ingestive organs. 

All the following pliyla, consisting of mul- 
ticcllular animals, are called collectively 
Metazoa; the groups Protozoa and Metazoa 
are sometimes called subkingdoms. 

Phylum PORIFERA: the sponges; simple 
multicellular animals with branched or un- 
branched, tubular body, perforated by many 
pores that admit water contaiming food par- 
ticles. (1000 species.) 

Phylum COELENTERATA: radially 


metrical 


sym- 
diploblastic (“two-layered”) ani- 
mals; possess nematocysts. (5000 species.) 

Class Hydrozoa: hydralike animals, often 
colonial, and often having a regular alterna- 
tion of asexual and sexual generations. 

Class Scy phozoa: jelly fishes. 

Class Anthozoa or (Actinozoa): sea ane- 
mones and corals. 

Phylum CTENOPHORA: the comb jellies 
and sea walnuts; jellyfishlike animals, some- 
what more complex in structure than the 
typical coelenterates; possess eight bands of 
cilia, for locomotion. 

Phylum  PLATYHELMINTHES: the  flat- 
worms; bilaterally symmetrical, triploblastic 
(“three-layered”) animals, without a true 
body cavity or anus; excretion by means of 
flame cells. (6000 species.) 

Class Turbellaria: nonparasitic flatworms. 

Class Trematoda: the flukes, parasitic flat- 
worms with an enteron. 

Class Cestoidea: the tapeworms, parasitic 
flatworms with no enteron, absorbing nour- 
ishment through the body surface. 

Phylum NEMERTINEA: the — proboscis 
worms; nonparasitic, usually marine animals 
with a complete digestive tract and a_pro- 
crustble proboscis armed with a hook for 


capturing prey; with a simple blood vascular 
system. (500 species.) 

Phylum NEMATHELMINTHES: the round- 
worms; a fairly large phylum; characterized 
by elongated, cylindrical, bilaterally sym- 
metrical bodies; live as parasites in plants 
and animals, or are free-living in the soil or 
water. (12,000 species.) 

Phylum ACANTHOCEPHALA: the hook- 
headed worms; parasitic worms with no di- 
gestive tract and a head armed with many 
recurved hooks. (100 species.) 

Phylum CHAETOGNATHA: free-swimming 
marine worms, with a body cavity (coelom) 
that develops from pouches of the digestive 
tract (as in the echinoderms and lower chor- 
dates). (30 species.) 

Phylum NEMATOMORPHA: the horsehair 
worms; extremely thin, brown or black worms 
about 6 inches long, resembling a horsehair; 
adults are free-living, but the larvae are para- 
sitic in insects. (200 species.) 

Phylum ROTIFERA: small, wormlike ani- 
mals, commonly called “wheel animalcules,” 
with a complete digestive tract, flame cells, 
and a circle of cilia on the head, the beating 
of which suggests a wheel. (1200 species.) 

Phylum GASTROTRICHA: microscopic, 
wormlike animals resembling the rotifers, 
but lacking the crownlike circle of cilia. (100 
Species.) 

Phylum BRYOZOA: “moss” animals; micro- 
scopic organisms, usually marine, which form 
branching colonies; characterized by a U- 
shaped row of ciliated tentacles, the lopho- 
phore, by means of which they capture food. 
(1200 species.) 

Phylum BRACHIOPODA: the lamp shells; 
marine animals with two hard shells (one 
dorsal and one ventral), superficially like a 
clam; obtain food by means of a lophophore. 
(200 species at present; 3000 extinct.) 

Phylum PHORONIDEA: wormlike, marine 
forms that secrete and live in a leathery tube; 
they have a U-shaped digestive tract and a 
lophophore. (10 species.) 

Phylum ANNELIDA: segmented worms, usu- 
ally with well-developed coelom, head, and 
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blood vessels; appendages, when present, are 
nonjointed. (7000 species.) 

Class Archiannelida: marine worms, sim- 
pler than other annelids. 

Class Polychaeta: mainly marine worms, 
with a distinct head and many-bristled lobose 
appendages. 

Class Oligochaeta: mainly fresh-water an- 
nelids, with scanty bristles and usually a 
poorly differentiated head. 

Class Hirudinea: leeches. 

Phylum MOLLUSCA: unsegmented animals, 
usually with one or more shells; a foot, vari- 
ously modified, and a mantle are character- 
istic. (75,000 species.) 

Class Amphineura: the chitons, etc.; sim- 
plest type of mollusks, with shell in eight 
pieces. 

Class Pelecypoda: bivalve mollusks; clams, 
oysters, mussels, scallops, etc.; usually with a 
hatchet-shaped foot and no distinct head. 

Class Scaphopoda: the tooth shells; mol- 
lusks with a conical tubular shell. 

Class Gastropoda: asymmetrical mollusks, 
usually with a spiral shell; snails, etc. 

Class Cephalopoda: octopus, squid, nau- 
tilus, etc.; ““headfoot’” with 8 or 10 tentacles; 
well-developed eyes and nervous system. 

Phylum ARTHROPODA: segmented ani- 
mals, jointed appendages, no endoskeleton. 
(700,000 species.) 

Class Crustacea: lobsters, crabs, crayfishes, 
shrimps, etc. 

Class Arachnida: spiders, mites, scorpions, 
etc. 

Class Onychophora: simple, wormlike, ter- 
restria] arthropods; Peripatus. 

Class Insecta: insects. Example: Drosoph- 
ila. 

Class Chilopoda: the centipedes; at least 
15 segments, each with one pair of jointed 
appendages. 

Class Diplopoda: the millipedes; abdomen 
with many segments, each with two pairs of 
appendages. 

Phylum ECHINODERMATA: radially sym- 
metrical in adult stage; with well-developed 
coelom formed from enteric pouches; with 
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endoskeleton of calcareous ossicles and 
spines; unique water vascular system; with 
tube feet. (5000 species.) 

Class Crinotdea: feather stars; sessile ani- 
mals often having a jointed stalk for attach- 
ment. 

Class Asteroidea: starfishes. 

Class Ophirurotdea: brittle stars. 

Class Echinoidea: sea urchins. 

Class Holothurotdea: sea cucumbers. 

Phylum CHORDATA: animals having at 
some stage a notochord, gill slits, and a hol- 
low nerve cord on the dorsal side. (60,000 
species.) 

Subphylum HEMICHORDATA: the acorn, or 
proboscis worms; wormlike animals with a 
notochordlike structure in the head end. 

Subphylum UROCHORDATA: tunicates, or 
sea squirts; saclike, usually sessile animals, 
often forming branching colonies; in the 
larval stage they have a notochord in the tail 
region. 

Subphylum CEPHALOCHORDATA: lancelets; 
somewhat fishhke animals, with a permanent 
notochord the whole length of the body; no 
cartilage or bone. 

Subphylum VERTEBRATA: the vertebrates; 
notochord surrounded or replaced by carti- 
lage or bone, forming the vertebral column 
or backbone. 

Class Cyclostomata: lampreys and_hag- 
fishes, eellike vertebrates, without limbs or 
jaws. 

Class Chondrichthyes: sharks, rays, skates, 
and other cartilaginous fish; without air blad- 
ders. 

Class Ostetchthyes: the bony fish, including 
crossopterygians, dipnoians, and ganoids, 
which are almost extinct: usually with an air 
bladder or (rarely) a lung. 

Class Amphibta: salamanders, frogs, and 
toads; usually breathing by gills in the larval 
stage, by lungs in the adult stage; incomplete 
double arculation; skin usually naked; the 
limbs are legs. 

Class Reptilia: turtles, lizards, snakes, croco- 
diles; breathing by lungs; incomplete double 


circulation; skin usually covered with scales; 
the limbs are legs (absent in snakes). 

Class Aves: the birds; warm-blooded ani- 
mals with complete double circulation, skin 
covered with feathers, the forelimbs wings. 

Class Mammalia: the mammals; warm- 
blooded animals with complete double cir- 
culation, skin usually covered with hair, 
young nourished with milk secreted by the 
mother; limbs usually legs (forel:mbs some- 
times arms, wings, or fins). 

Subclass Prototheria: the monotremes; 
Oviparous mammals with imperfect tempera- 
ture regulation; only two living species, the 
duckbill and spiny anteater of Australia. 

Subclass Metatheria: the marsupials; vivip- 
arous Mammals without a placenta (or with 
a poorly developed one), the young carried 
in an external pouch of the mother for some 
time after birth; kangaroos, opossums, etc. 

Subclass Eutheria: mammals with a well- 
developed placenta, comprising the great ma- 
jority of living mammals. The principal 
orders of Eutheria are the following: 

Insectivora: shrews, moles, hedgehogs, ete. 

Edentata: toothless mammals; anteaters, 
sloths, armadillos, ete. 

Rodentia: the rodents; rats, mice, squir- 
rels,; ete. 

Artiodactyla: even-toed ungulates; cattle, 
deer, camels, hippopotamuses, ete. 

Perissodactyla: odd-toed, hoofed mammals; 
horses, zebras, rhinoceroses, etc. 

Proboscidea: elephants. 

Lagomorpha: rabbits and hares. 

Strenia: the manatee, dugong, and sea 
cows; large aquatic mammals with the fore- 
limbs finlike, the hind limbs absent. 

Carnivora: carnivorous animals; cats, dogs, 
bears, weasels, seals, etc. 

Cetacea: the whales, dolphins, and_ por- 
poises; aquatic mammals with the forelimbs 
fins, the hind limbs absent. 

Chiroptera: the bats, aerial mammals with 
the forelimbs wings. 

Primates: the lemurs, monkeys, apes, and 
man. 


APPENDIX 2 


Glossary 


THIS LIST dves not include names of taxonomic 
groups, which are defined in Appendix 1], nor most 
terms that are used only once in the text and defined 
there. 


ARERRATION, An_ irregularity of chromosome be- 
havior, resulting in an unusual chromosome com- 
plex. 

AnsorrTion. The passage of water and dissolved sub- 
stances into the cell or the organism. 

Acip. A substance that dissociates, yielding hydro- 
gen (H+) ions (but not hydroxyl (OH-) ions). 
ACQUIRED CHARACTERS. Soimatic modifications;  i.e., 

variations caused by environmental factors. 

ACROSOME. Specialized structure found at anterior 
tip of the head of a sperm ccll, concerned with 
penetration into an egg cell. 

ACTION POTENTIAL. A rapid change in the memhrane 
potential, which signifies excitation in cells gen- 


erally. 
ACTIVATION. The stimulation of an egg cell to start 
development. 


ACTIVE TRANSPORT. Any process by which a cell ex- 
pends energy to foster the entrance or exit of a 
substance through its houndary membrane. 

ADAPTATION. Fitness to live and reproduce. Any char- 
acteristic of an organism fitting it to live and repro- 
duce. 

ADHESION. Attraction between molecules of different 
substances. 

ADRENAL GLANDS. A pair of ductless glands located 
near the kidneys. 


ADRENALIN. A hormone secreted by the adrenal 
glands. 
ADSORPTION. [The accumulation of a dissolved sub- 


stance at the surface between two phases. 


AFFERENT FIBER. A nerve fiber carrying impulses 
from a receptor toward the central nervous system. 

ALGAE. Simple plants (thallophytes) containing 
chlorophyll. 


ALLELES. Genes occupying the same locus in homol- 
ogous chromosomes, and which, therefore, segregate 
from each other at reduction. 

ALTERNATION OF GENERATIONS. ‘The alternate succes- 
sion of sexual and asexual forms, each producing 
the other. 


Amicroscopic. "Too small to he seen with either the 
mieroseope or the ultramicroscope; 1.e., less than 
about } my in diameter. 

AMINO ACIDS. Organic acids possessing both the car- 


boxyl radical (COOH) and the amino radical 
(NH,) . 
Amitosis. Division of a cell without the appearance 


of chromosomes. 

AMOEBOID MOVEMENT. 
of pseudopodia. 

AMYLopsIN. An enzyme, secreted by the pancreas, 
which partially hydrolyzes starch. 

ANAEROBIC METABOLISM. Metabolism without the con- 
sumption of free oxygen. 

ANALOGOUS ORGANS. Organs having structural similar- 
ities correlated with similarity of function and not 
due to genetic relationship. (cf. HOMOLoGouUS orR- 
GANS.) 

ANAPHASES. The period of mitosis during which 
the daughter chromosomes move toward opposite 
poles. 

ANTHER. The part of a sta:nen containing the pollen. 

ANTHERIDIUM. Organ found in most embryophytes, 
in which the sperm cells are formed. 


Movement of a cell by means 


Anus. The terminal opening of the enteron. 
ArHips. Plant lice, small sucking insects parasitic on 
plants. 


APICAL CELL. A cell at the apex of the growing point 
of many thallophytes, bryophytes, and pteropsi- 
dans, which by continued growth and cell divisions 
produces all the tissues of the plant. 

ARCHFGONIUM. Organ found in most embryophytes, 
in which the egg cells ure formed. 

ARTERY. A muscular, clastic blood vessel, carrying 
blood from the heart to the capillaries. (cf. VEIN.) 

ASEXUAL REPRODUCTION. Any method of reproduction 
not involving fertibzation. 

ASSIMILATION. The production of protoplasm from 
food substances in the living cell. 

Aster. A radiate structure surrounding each end of 
the spindle during cell division. 

Atoms. The elementary particles that enter into 
chemical reactions. 

AurRIcLeE. A relatively thin-walled chamber of the 
heart that receives blood from the veins and pumps 
it into the venticle. 
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AUTOGATALY SIS. Capacity of certain 
catalyze the production of themselves. 

AUTONOMIC NERVOUS SYSIFM, A system of neurones 
innervating the visceral organs, connected with 
the central nervous system by axons of intermedi- 
ate neurones of the central nervous system, 


substances to 


AutTosomMes, Chromvusomes that are not sex cbhromo- 
somes. 
AutotrorpHic. Able to synthesize all substances re- 


quired for nutrition from inorganic food substances. 
(cf. HETEROTROPHIC.) 

Auxin. A plant hormone, or growth substance. 

Auxocitr. <A germ cell in the growth period, during 
which synapsis and tetrad formation occur, 

Axon. A long unbranched or sparsely branched nerve 
fiber, usually carrying impulses away from the cell 
body of a neuron. 


Backcross. A cross between an individual whose 
genctic constitution is to be tested and one that 
is homozygous for all recessive genes involved in 
the experiment. 

BACTERIAL TRANSPORMATION. The induction of a new 
heritable property in bacterial cells by DNA, trans- 
mitted via the culture medium. 

BACTERIOPHAGE. A Virus parasitic in hacteria. 

Base. A substance that dissociates, vielding hydroxyl 
(OH-) ions (but not hydrogen (H*) ions). 

Bast. Lhe phleent. 

BILATERAL S\MMETRY. Svinmetry with reference to a 
plane. In a bilaterally symmetrical body (e.g., a 
spoon), only one plane can be found that will divide 
it into symmetrical halves. 

BILE. The external sccretion of the liver, scereted 
through the bile duct te the small imtestine. 

Biotocy. The scientitic study of living things. 

BivALENT. A pair of homologous chromosomes joined 
in synapsis. (cf. UNIVALFNt.) 


BLASTOCOEL. The cavity within a blastula. 

BLastorore. The external opening of the entcron of 
a gastrnla. 

BiastuLa. An embryo after cleavage and before gas- 


trulation, typically a single layer of cells forming a 
hollow sphere. 

Bioop. A fluid tissue consisting of the blood cells, or 
corpuscles, and a liquid intercellular material, the 
plasma. A form of connective Ussue. 

Brain. The enlarged anterior end of the central 
nervous system. 

BROWNIAN MOVEMENT, [he continual random move- 
ment of small particles suspended in a fluid me- 
dium, due to their bombardment by the molecules 
of the medium. 

Bup. (1) A young individual produced by bud- 
ding, before it 1s completely detached from 
the parent. (2) The end of a stem or branch, en- 
closed by voung leaves; this may develop into 
a leafy stem (leaf bud) or into a flower (flower 
bud) . 

Buppinc, The asexual production of a new indi- 
vidual by the splitting off of a relatively small por- 
tion of the parent organism. 

Butes. A subterranean leaf bud or flower bud. 


Cacorie. A quantity of heat required to raise the 
temperature of ] hilegram of water 1 degree centi- 
grade; this is the “large Calorie,” the unit employed 
in connection with nutrition, 

CALYx. The outermost whorl] of parts in a complete 
flower. Consists of sepals. 

CamBium. <A layer of embryonic tissue between the 
xylem and the phlocm in dicotyledonous plants. 
CaricLarigs. Very small, thin-walled blood vessels, 
penetrating the intercellular spaces of all organs, 
through whose walls exchanges occur between the 

blood and the tissue cells. 

CARBOHYDRATES. Compounds of carbon, bvdrogen, 
and oxygen in the proportions of about 1C:2e:10; 
including sugars, starch, glycogen, cellulose, etc. 

CarrEt. A macrosporophyll of a flowering plant, one 
of the innermost whorl of flower parts. 

CaTALysis. The action of a catalyst. 

Cataryst. Any suhstance tnat modifies the rate of 
a chemical change without being itself used up in 
the process. 

Cectt. A. structural unit of protoplasm, consisting 
typically of nucleus and cytoplasm. 

CELL sar. The fluid in the large vacuoles of plant 
cells; a watery solution of salts, sugars, etc. 

CELL WALL. The rigid external covering of a plant 


cell 
CELLULosF. An insoluble complex carbohydrate 
(polysaccharide), (he chief component of most 


plant cell walls. 

CENTRAL NFRVOUS S\StEM. The main part of the nerv- 
ous system in most animals, containing the cell 
bodies of most of the neurones. 

Centrioiss. “Division centers” found at the ends of 
the spindle during mitosis and meiosis in animal 
cells: display a complex structure (Fig. 3-5) when 
studied by electron microscopy. 

CENIROLECIINAL EGG, An egg cell containing a large 
amount of yolk concentrated toward the center. 
CENTROSOME. The body or region at the center of 

an astcr. 

CErPHALI74TI0N. The concentration of the sensory 
and nervous systems at the head end of animals. 
CEREBELLUM. An expansion of the dorsal side of the 
brain near its bind end, the coordinating center for 
propriocepuve stimuh and complex muscular move- 

ments. 

CEREBRUM. An expansion of the dorsal and lateral 
sides of the brain at its front end; the chief center 
for conditioned, or learned, responses. 

CHEMICAL REACTION. A change of one or more sub- 
stances into different substances, by recombination 
of their constituent atoms into different hinds of 
molecules. 

CHEMOTROPISM. Movement whose direction is deter- 
mined by the unequal concentrations of some par- 
ticular substance on the two sides of an organism. 

CHLOROVHYLL. The green pigment of plant cells 
which catalyzes photosynthesis. 

CHLOROPLAST. A plastid containing chlorophyll. 

CHOLESIFROL, A sterol found in the cells of many 
organisms. 

CHROMATIN. A substance found in all living cells. 
which stains deeply with certain dyes; the charac- 


teristic component of the nucleus in which DNA is 
always represented. 

CHROMIDIA. Granules of chromatin scattered through 
the cell, chiefly in cells that have no distinct nu- 
cleus and cytoplasm. 

CHROMOSOMES. Threads or rods of chromatin (DNA- 
protein complex), which appear during mitosis 
(and meiosis) . 

Citta. Fine protoplasmic processes that beat in reg- 
ular fashion to move the cell or move particles over 
its surface. 

Crass. A taxonomic group, next below a phylum. 

CLEAVAGE. The successive cell divisions of the zygote 
(or parthenogenetic egg) that transform it into a 
multicellular embryo. 

CLoaca. The common posterior opening of the en- 
teron, ureters, and gonoducts in most vertebrates 
(except mammals) . 

Coarse. Of microscopic or macroscopic size; Le., 
above about 100 mu in diameter. 

Cortom. A mesodermal cavity occupying most of the 
space between the body wall and the enteron in 
annelids, vertebrates, etc. 


COHESION. Attraction between molecules of the same 
substance. 
CotLoiwaL. Of ultramicroscopic size; 1.e., between 


about ] mz and 100 my» in diameter. Dispersions 
containing molecules or particles of this size. 

COLONIAL ORGANISM. An aggregate of cells all more 
or less alike in structure and function. 


COMPONENTS. The substances making up a mixture. 
(cf. CONSTITUENTS.) 
Compounp. <A substance containing only one kind of 


molecule, each molecule consisting of two or more 
kinds of atoms. 

CONDITIONED REFLEX. A habitual response to a par- 
ticular stimulus detcrmined by the previous expert- 
ence of the individual: ic., by the frequent associa- 
tion of this stimulus with a stimulus that originally 
aroused this response. 

Conpuctor. A structure specialized for the transmis- 
sion of excitation. 

CornzyMeE. A. Important cofactor that transmits 
activated acetyl units to the Krebs cycle, in cells 
generally. (cf. Fig. 8-5.) 

Coractor. A nonprotcin component of many en- 
zymes; either firmly bonded to the protein, in 
which case it is called a prosthetic group, or loosely 
honded, in which case it 1s called a coenzyme. 

ConjJuGATION. The union of two gametes; usually 
uscd only in cases where the two gametcs are 
alike. 

CONNECTIVE TIssuES. ‘Tissucs in which the cells are 
irregularly distributed through a relatively large 
amount of intercellular material. 

ConstmuENTs. The clements making up a com- 
pound. (cf. COMPONENTS.) 

CoorDINATION. The production of harmonious inter- 
action of the various parts and processes of an or- 
ganism. 

CorpuLaTion. The introduction of sperm cells into 
the hody of the female by a male animal. 

Corotta. The whorl of parts (petals) just inside the 
calyx of a complete flower. 
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Cortex. The portion of a stem or root hetween the 
epidermis and the hbrovascular bundles. 

CoryLepon. Storage leaf of an embryo sporophyte or 
seedling. 

CRANIAL NERVES. Nerves arising from the brain. 

Cross-FERTILIZATION. Union of gametes from differ- 
ent individuals. (cf. SELF-FERTILIZATION.) 

Cross over. The exchange of corresponding portions 
of homologous chromosomes during synapsis. 

CrysTALLoipaL. Of amicroscopic size; i.e., below 
about | mz in diameter. Solutions containing mole- 
cules of this size. 

CyTOCHROMES. A serics of iron compounds present 
in cells generally that relays electrons from level to 
level, generating uscful energy. 

CytorLasm. The protoplasm of a cell exclusive of 
the nucleus. 


DEATH. Irreversible cessation of the activities and 
breakdown of the structure of protoplasm. 

DEHYDRATION SYNTHESIS. The chemical combination 
of two or more molecules (of the same substance or 
different substances) with climination of water. 

DEHYDROGENASE. Any enzyme that catalyzes the trans- 
fer of one or more electrons (and hydrogen) from 
one substance to another. 

DENnprRONS. Relatively short, usually much branched 
processes of a neuron, carrying impulses toward the 
cell body. 

DENITRIFYING BACTERIA. Bacteria that decompose 
nitrogen compounds and liberate free nitrogen. 

DEVELOPMENT. The progressive production of the 
phenotypic characteristics of an organism. 

DIFFERENTIATION. ‘The structural and functional spe- 
cialization of different parts. 

DirFusion. The spreading of a dissolved substance 
through the solvent by virtue of the random move- 
ments of its molecules or tons. 

Dicestion. The hydrolysis of colloidal, sometimes 
insoluble, food substances into soluble crystalloidal 
substances. 

Dioecious. Having separate sexes; 1.e., the two kinds 
of gametes produced by different individuals. (cf. 
MONOECIOUS.) 

Dirtow. The number of chromosomes in the zygote, 
which is twice the number in each gamete. (cf. 
HAPLOID.) 

DISACCHARIDE. A carbohydrate that can be hydro- 
lyzed into two monosaccharides; 1.e., each molecule 
of the disaccharide yields two monosaccharide mole- 
cules (cither alike or different) . 

DispERSION. A mixture in which one or more sub- 
stances are distributed (dispersed) throughout an- 
other substance (the disperston medium) . 

DNA. Deoxyribonucleic acid, in which the sugar of 
the sugar-phosphate chain is deoxyribose; carrier of 
the genctic code in cells generally; capahle of self- 
templated synthesis as well as of determining RNA 
synthesis; closely identified with the genic material. 

DOMINANT. A gene whose phenotypic effect largely 
or cntirely obscures that of its allelic gene. (cf. 
RECESSIVE.) 

Dorsat. Pertaining to the upper side (the back in 
man) . 
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Ducr. (1) A long, hollow, woody tube, in the xylem 
portion of a vascular bundle (also called a vessel) . 
(2) The tubular outlet of a multicellular gland of 
external secretion. 


EcoLocicaL. Pertaining to the relations of organisms 
to their environments. 

EcoLocy. Study of the adaptations of organisms to 
their environment. 

Ecosystem. A more or less isolated system constituted 
by the sum total of interactions between a particu- 
lar environment and all the organisms inhabiting 
this environment. 

EctoprrM. The outer layer of cells in the gastrula 
or, less accurately, the tissues derived from. this 
layer. 

Errecror, A structure specialized for the production 
of some particular kind of response, e.g., movement, 
secretion, etc, 

ErFERENT Fiprr. A nerve fiber carrying impulses 
from the central nervous system to an effector. 

Eoest1on. The elimination of waste material from 
the digestive cavity. 

Koc cent. A large, usually nonmotile gamete, con- 
taining abundant cytoplasm and yolk. (cf. SPERM 
CEL) 

ELECIROLYTE. A substance whose molecules dissoci- 
ate into ions, especially in aqueous solution. 

Evrciron. A particle of negative electricity; one of 
the particulate constituents of matter. 


ELEMENT. A substance constituted of only one kind 
of atom. 
Empryo. A young organism before emerging from 


the egy, the seed, or the body of the mother. 

Exrpryo sac. The female gamectophyte of a seed 
plant. 

EMULSION. A dispersion consisting of small droplets 
of one liquid in another. 

ENDOCRINE ORGAN. A ghind of internal secretion, pro- 
ducing a hormone or hormones. 

ENpopekM. The inncr laver of cells in the gastrula. 
The tissues derived from this layer. 

EnpoprreMis. The differentiated innermost layer of 
cells of the cortex of stems and roots, 

ENDOPLASMIC RELICULUM. A system of double mem- 
branes revealed by clectron microscopic studies 
in cells generally; closely afliated with the ribe- 
somes. 

ENDOSPFRM. A mass of cells, containing stored food 
substances, devcloping from part of the feinale 
gamectophyte and, unless fully resorbed, filling all 
the sced outside the embryo. 


ENERGY. ‘The capacity to do work; ie., to produce 
movement. 

ENTERON. ‘The digestive cavity of multicellular ani- 
mals. 

ENzyME. An organic catalyst produced by living 
cells. 

EricotyL. The part of an embryonic seed plant, 


above the point of attuchment of the cotyledons. 
(cf. Hypocoty .) 

EriperMis. The outermost layer of cells of a plant or 
animal. 


EvirkHELIAL Tissues. Surface tissues in which the cells 


form one or more regular layers, with very little in- 
tercellular material. 

ErirHetium. An epithelial tissue, covering an ex- 
ternal or mternal surface. 

Erersin. A group of enzymes secreted by the intes- 
tine, Which hydiolyzes peptones to amino acids. 
EsovHacus. The portion of the enteron between the 

pharynx and the stomach. 

EusrAcHIAN TUBE. A pussage connecting the tympanic 
cavity (middle ear) with the pharynx; developed 
from the most anterior gill slit of the embryo. 

EvoLution. Process by which organisms change, by 
the origin of new genotypes and phenotypes, with 
partial or complete extinction of old ones. 

Excitanton. The state of a cell immediately after 
being stimulated, involving an increased rate of 
metabolism, increased permeability, and an altered 
electric membrane potential. 

Excretion. Elimination of waste products of metah- 
olism (except CO,) . 

EXTERNAL SECREIION. Secertion to the outside of the 
body or into the cavity of the enteron. Any sub- 
stance Or mixture thus secreted. 


Famity. A taxonomic group, between order and 
genus; names of plant families end in -aceae, those 
of animal families in -idae. 

Fats. Lipids that can be hydrolyzed to glycerol and 
fatty acids, each fat molecule yielding one glycerol 
molecule and three fatty acid molecules (alike or 
different). (The term fats is sometimes used to in- 
clude all lipids.) 

Fatiy svcips, Organic acids containing a single car- 
boxy}! radical (COOH) and otherwise only carbon 
and hydrogen; there are many different fatty acids, 
differing in the number of carbon and hydrogen 
atoms. 

Ficrs. The material egested from the enteron. 

Femacr. An individual that produces egg cells but 
not sperm cells. 

FERTILIINY. Ability to reproduce. 

FFRILIZAIION. Fusion of two gametes, especially of 
their nuclei. 

Finrits. Small fibers or threads within cells. 

Fission. Asexual reproduction by division of an or- 
ganism into two or more equal, or nearly equal, 
parts. 

FLAGFLLUM. A protoplasmic process, longer than a 
ciliuin, Whose movements usually effect locomotion 
of a cell. 

FLORAL ENVELOPES. The calyx and corolla; i.e., the 
outer whorls of Hower parts, not directly concerned 
in reproduction. 

FLOWER. A group of modified leaves of several hinds, 
including sporophylls, arranged in concentric 
whorls; a complete Hower consists of calyx, corolla, 
strmens, and carpels, but in many flowers some of 
these are absent. 

Foop. Any material that the organism obtains from 
the environment and that can either yield energy 
for the activities of the organism or supply matter 
for its growth. 

Forwuepd popirs, Localized differentiated regions or 
structures within the evtoplasm. 


Fossits. Remains or traces of dead organisms pre- 
served by natural processes. 

Fruit. A structure formed from the ovule case (and 
sometimes other parts) of a flower, containing the 
seed or seeds. 

FUEL SUBSTANCE. A substance that can be metabo- 
lized to yield energy in the organism. 

FUEL VALUE. ‘The quantity of encrgy liberated by the 
oxidation of a substance in the organisms; usually 
expressed in Calories per gram. 

Funci. Thallophytes without chlorophyll (often 
used as including the bacteria) . 


GALVANOTROPISM. Movement determined by the di- 
rection of an external electric current. 

GAMETE. A cell that unites with another cell in 
sexual reproduction. 

GAMETOPHYTE. The sexual generation of a plant. 
(cf. SPOROPHYTE.) 

GancLion. A group of nerve cells, especially the cell 
bodies. 

Gastric juice. The fluid secreted by the gastric 
glands. 

GASTRULA. An embryo in the two-layered stage, con- 
sisting of ectoderm and endoderm enclosing the 
archenteron. 

GASTRULATION. The formation of the gastrula from 
the blastula. 

Get. A mixture of solid or scmisolid consistency con- 
taining a Jarge proportion of liquid entrapped in 
the meshes of its solid component. 

GELATION. The change of a fluid dispersion into a gel 

Gene. A unit hereditary factor, probably a definitive 
segment of a DNA molecule, capable of self-tem- 
plated replication and mutation. 

GENERATOR POTENTIAL. A change of membrane po- 
tential induced by stimnlation of a receptor cell, 
which determines the strength and frequency of its 
excitational discharges. 

Genetic. Pertaining to internal factors determined 
by the descent of an organism. 

GENETIC copE. Three symboled system of base-pair 
sequences in DNA; indirectly determines the 
amino acid sequence in the enzymes and other 
protein components synthesized by each organ- 
ism. 

GENOTYPE. The genetic constitution of an organism 
or a group of genetically identical] organisms. (cf. 
PHENOTYPE.) 

GENUs. A taxonomic group, next above a species. 

GEOLOGICAL. Pertaining to the structure and history 
of the earth. 

GrorropisM. Movement determined by the direction 
of gravitational force. 

GERM CELLS. The reproductive cells and all other 
cells that stand in line of ascent of the reproductive 
cells (cf. SOMATIC CELLS) . 

GERM PLASM. ‘The germ cells collectively. 

GERMINATION. The beginning of growth from a spore 
or a seed. 

GILL sLits. A series of paired openings from the sides 
of the pharynx through the body wall to the ex- 
terior, found in all chordates, at least in embryonic 
stages. 
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Gitts. External respiratory organs of aquatic ant- 
mals. 

GLAND. A cell or organ specialized for secretion. 
Guiucose. C,H,,O,, the most common monosaccha- 
ride, the chicf fucl suhstance of most organisms. 
Giycerot. C,H;(OH);, a water-soluhle compound 
entering into the synthesis of fats and phospholipids 
and derived from then by hydrolysis; commonly 

called glycerine. 

GLiycocen. A complex carbohydrate (polysaccha- 
ride), one of the chief stored food substanccs of 
most animals and fungi. 

Giycotysis. Anaerobic catabolism of glycogen, down 
to the level of pyruvic acid (or, in some cases, 
lactic acid). 

Gonaps. The essential reproductive organs of multi- 
cellular animals, in which the gametes are formcd. 

Gonta. The germ cells in the pcriod of mitotic mul- 
tiplication preceding maturation. 

Gonopucts. The ducts through which the gametes 
reach the exterior of the body, found in most ani- 
mals above the coelenterates. 

GRANA. Smal]] rounded bodies inside chloroplasts, as 
seen in elcctronmicrographs. 

GROWING POINT. The region at the apex of each fila- 
ment, stem, or root, to which growth and cell divi- 
sion are largely confined in most plants. 

GRowTH PERIOD. The period in the development of 
the germ cells preceding the meiotic divisions, dur- 
ing which they increase greatly in size and dur- 
ing which synapsis occurs and the tetrads are 
formed. 

GROWTH STAGE. The intermitotic (nondividing) stage 
of the cell; often called the resting stage. 

GUARD CELLS. Cells surrounding each stoma, which 
open and close the stoma. 


Hapit. A usually invariable response determined by 
the previous expcrience of the individual; a condi- 
tioned reflex. 

Hapnitat. The particular kind of environment in- 
habited by a particular kind of organism. 

Hapiomw. The number of chromosomes in each 
gamete; i.e., a single “set” of chromosomes. (cf. 
DIPLoID.) 

HEMOCLOBIN. An iron-containing protein in the 
blood of many animals, in comhination with which 
oxygen is transported through the body. 

HEPATIC PORTAL SYSTEM. A part of the circulatory 
system, in al] vertebrates, by which blood is carried 
from the stomach and intestine to the liver; starts 
and ends in a capillary system. 

HEREDITY. The transmission of genes from ancestors 
to descendants through the germ cells. 

HERMAPHRODITE. A monoecious animal, bearing both 
testes and ovaries. 

HETEROTROPHIC. Requiring organic compounds among 
the food substances taken into the organism (cf. 
AUTOTROPHIC.) 

HETEROZ\Gous. Having the two genes of an allelic 
pair different. (cf. Homoz\ cous.) 

HowLoryytic. Kind of nutrition found in green 
plants, which utilize light cnergy for synthesis of 
organic matter. 
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Hotozoic. Kind of nutrition found in typical ani- 
mals, which ingest organic foods. 

Homeostasis. Tendency of organisms to maintain 
structural and functional balance in face of en- 
vironmental change. 

HoMOoLectiHAL EGG. An egg cell with the nonabun- 
dant yolk uniformly distributed throughout the 
cytoplasm. 

HOMOLOLOUS CHROMOSOMES. The two chromosomes 
that pair at synapsis. 

HOMOLOGOUS ORGANS. Organs having structural and 
developmental similarities due to genetic relation- 
ship. (cf. ANALOGOUS ORGANS.) 

Flomozycous. Having the two genes of an allelic pair 
alike. (cf. Fle1FROzZ\Gous.) 

HORMONE. An internal secretion having some specific 
effect on metabolism, devclopment, or response of 
the organism or some particular part of it. 

Hyproiiysis. Chemical decoinposition of a substance 
by combination with water. 

Hypocotyt. The part of an embryonic seed plant, 
below the point of attachment of the cotyledons. 
(cf. EPICOT\ L:) 


INDEPENDENT ASSORTMENT. The distribution, during 
meiosis, of the genes of different allelic pairs located 
in different pairs of homologous chromosomes; the 
distribution of any such pair of alleles being 
entirely independent of that of any other such 
pair. 

INCESTION. Process of taking food into the digestive 
cavity of an organism. 

INHIBITION. The stopping of some activity by a stim- 
ulus or drug. 

Insrincr. A usually invariable complex response in- 
dependent of any previous experience of the indi- 
vidual; a complex unconditioned reflex. 

INSULIN. An internal secretion of the pancreas essen- 
tial for the normal metabolism of carbohydrates. 
INTELLIGENCE. The ability to learn by experience; 

i.e., to form conditioned reflexes. 

INTERMEDIATE NEURONS. Neurons connecting sensory 
with motor neurons. Also called association neurons. 

INTERNAL SECRE!IION. Secretion into the blood. Any 
substance or mixture thus secreted. 

INTEsTINE. ‘The chief portion of the enteron in most 
animals. 

INVERTEBRATE. Any animal that is not a vertebrate. 

Ion. A part of a molecule, consisting of one or more 
atoms, with an electric charge. 


KIDNEYS. ‘The chief excretory organs of vertebrates. 

KINETIC ENERGY. Energy inherent in the motion of a 
body or of its component particles. (cf. POTENTIAL 
ENERGY.) 

KINGDOM. A primary taxonomic division; all organ- 
isms are conventionally divided into two kingdoms, 
plants and animals. 

KREBS CYCLE. A regencrative cycle of oxidation-re- 
duction and decarboxylation reactions from which 
cells: derive energy «(ch Fig,-S-10):, 


Lactose. Milk sugar, a dissacharide found in the 
milk of mammals. 


Larva. An active immature animal differing from 
the adult; e.g., a caterpilJar, a tadpole, etc. 

LecirHin. A very common phospholipid, found in 
many, perhaps all, kinds of cells. 

Leucoci\ tes. White blood corpuscles, amoeboid cells 
of several types, found in most multicellular ant- 
mals. 

Lire cycLe. The complete series of forms regularly 
assumed successively by any particular hind of or- 
ganisni. 

LINKAGE. The association in heredity of genes lo- 
cated in the same chromosome. 

Lipips. Organic compounds insoluble in water but 
soluble in various organic liquids; consisting chiefly 
of carbon and hydrogen with a small proportion of 
oxygen and (in some cases) other elements; includ- 
ing fats, phospholipids, sterols, etc. 

Liver. A large glandular organ of vertebrates with 
numerous functions, including various special met- 
abolic preacesses, storage, and secretion of the bile. 

Locus. A particular position in a chromosome which 
may be occupied by any gene of a particular allelic 
series. 

LuciIreRAseE. Enzyme essential to the reactions that 
generate light energy in luminescent organisms. 

LucrEERIn. Substrate of luciferase. 

Lysrx. A fluid derivative of blood plasma usually 
containing certain white blood corpuscles and rela- 
tively poor in plasma proteins. 

Lymruatic tissue. <A kind of tissue, found in various 
parts of the body, in which some of the white blood 
corpuscles are formed. 

Lymruocyres. One kind of white blood corpuscles, 
formed in the lymphatic tissue. 


MAcROGAMETE. ‘The larger of the two kinds of gam- 
etes, in organisms that have gametes of two sizes. 

MACROSPORANGIUM. A sporangium bearing macro- 
spores. 

MacrosporE. The larger of the two kinds of spores 
(in plants which have spores of two sizes), which 
develops into a female gametophyte. 

MACROSPOROPHYLL. A sporophy] bearing macro- 
sporangia. 

Mace. An individual that produces sperm cells but 
not egg cells. 

MaLtTose. Malt sugar, a disaccharide produced by in- 
complete hydrolysis of starch. 

Marrow. A tissue found in the interior of certain 
bones, in which red blood corpuscles and some 
kinds of white blood corpuscles are formed. 

MATURATION Divisions. The two final (meiotic) cell 
divisions in the formation of the gametes (in ani- 
mals) or spores (in plants), in the course of which 
the chromosome number is reduced from diploid 
to haploid. 

MeEpuLLA. The hindmost portion of the brain, ad- 
joining the spinal cord. 

MEDULLARY RAYS. Strands of tissue connecting pith 
and cortex, between the fthrovascular bundles. 

Meiosis, ‘Ihe two special divisions by which haploid 
cells are formed from diploid cells, as in the pro- 
duction of the gametes of animals and the spores of 
plants. 


MERISTEM. Embryonic tissue of plants, from which 
all the other tissues are derived by growth, cell 
division, and differentiation. 

MESENIERY. A thin sheet of tissue connecting an 
organ, especially the enteron, with the body wall. 

MersopErRM. The cell layer between ectoderm and 
endoderm in the embryos of all animals above the 
coelenterates. The tissues derived from this layer. 

MesocLoka. A laver of intercellular material be- 
tween ectoderm and endoderm in coelenterates. 

MeraABotisM. The sum total of chemical reactions 
occurring in living cells and organisms. 

MrrAMORPHoOSIS. Transformation of a larva into the 
adult form. 

MErAPHASE. The stage of mitosis or meiosis, in 
which the chromosomes lie in the equatorial plane 
of the spindle. 


METAZOA. Multicellular animals. 
MIcROBE. A microscopic organism. 
MiICROGAMETE. The smaller of the two kinds of 


gametes, in organisms which have gametes of two 
Sizes: 

Microscoric. Invisible with the naked eye, but vis- 
ible with the microscope; ie., between about 0.) 
and 100u in diameter. 

MiICROSPORANGIUM. A sporangium bearing micro- 
spores. 

Microsrore. The smaller of the two kinds of spores 
(in plants which have spores of two sizes), which 
develops into a male gametophyte. 

MICROSPOROPHYLL. A sporophyl bearing microspo- 
rangia. 

MitocHonpRiA. Numerous cytoplasmic organelles 
having a characteristic (Fig. 2-13) internal struc- 
(ure as seen in eclectronmicrographs of cells gen- 
erally; each mitochondrion represents an organized 
team: of metabolic enzymes. 

Mirosis. The usual process of cell division in most 
organisms, involving a replication of each chromo- 
some and the distribution of the daughter chromo- 
somes to the daughter cells. 

Mixture. Any material composed of more than one 
kind of molecule. (cf. SUBSTANCE.) 


MObIFICATION. Any variation caused by nongenetic 
factors. 
MorecuLes. The smallest particles into which any 


substance can be divided without chemical change. 

Monoecious. Having the two kinds of gametes pro- 
duced by the same individual; i.e., not having sepa- 
rate sexes. (cf. DIOECIOUS.) 

MONOSACCHARIDE. A simple sugar; ie., a carbohy- 
drate that cannot be decomposed by hydrolysis 
into simpler carhohydrates. 

MorvHoGeNnesis. The production of the character- 
istic form and structure of a cell or an organism. 

Motor NEURON, A neuron that transmits excitation 
directly to an effector. 

Mucus. A slimy fluid secreted by gland cells present 
in many epithelia, called mucous membranes. 

Muscre. A tissue specialized for the production of 
movement by contraction (i.e., shortening) of its 
cells or fibers. A sheet, bundle, or mass of such 
tissue. 


Mura1ion. Change in a gene into another gene. 
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MYELIN SHEATH. A “‘fatty’” envelope surrounding a 
nerve fiber. 
MYOFIBRILS. 


MYONEMES. 


Longitudinal] fibrils in muscle cells. 
Contractile Hbrils in protozoans. 


NATURAL SELECTION. The automatic selection of or- 
ganisms for superior viability and fertility under 
natural conditions, resulting from the tendency of 
all organisms to increase in numbers by reproduc- 
tion and the limitation of this increase by environ- 
mental factors. 

Neruripia. Excretory organs found in many inverte- 
brates. 

Nerve. A group or bundle of nerve fibers. 

NERVE CELLS. A cell specialized for the transmission, 
generation, or modification of excitation. 

NERVE FIBERS. A hlamentous cytoplasmic extension 
of a nerve cell. 

NERVE IMPULSE. A state of excitation transmitted 
along a nerve fiber. 

NEUROID TRANSMISSION, The transmission of excita- 
tion by cells other than nerve cells. 

NEuRON. A nerve cell. 

NitRiFY{NG BACTERIA. Bacteria that oxidize 
monia to nitrites, or nitrite to nitrates. 

NITROGEN-FIXING BACTERIA. Bacteria that form ni- 
trate (—NO,;) compounds from free nitrogen. 

Notocnuorp. <A longitudinal solid rod above the en- 
teron in all chordates, at least in embryonic stages; 
replaced later, in the vertebrates, by the vertebral 
column. 

NvucLroLtus. One or more Feulgen-negative, intra- 
nuclear bodies, concerned with the synthesis of 
RNA. 

NUCLEOPROTEINS. Conjugated proteins formed by 
union between protein and nucleic acid; of two 
principal kinds: (1) deoxyribonucleoprotein (DNA 
protein) , which is closely identified with the genic 
material, and (2) ribonucleoprotein (RNA _ pro- 
tein) , varieties of which are concerned with protein 


am- 


synthesis. 
NUCLEOTIDES. |Sugar-phosphate-base (purine and 
pyrimidine) units that become bonded into very 


long molecules, the nucleic acids, by a complex 
process of polymerization. 

Nucreus. The clearly delimited portion of a cell 
containing the chromatin. 

Nutrition. The intake of Food substances, their dis- 
tribution within the organism, metabolism, and 
elimination of waste products. 


OodcyTEs. The auxocytes of the female, which give 
rise to the egg cells. 

OodconiaA. The gonia of the female, which finally 
give rise to oocytes. 


Orver. A taxonomic group, between class and fam- 
ily. 
Orcan. A localized part of an organism, specialized 


for some particular function. 

ORGANIC ACIDS. Organic compounds, usually posses- 
ing a carboxyl] radical (COOH). 

ORGANIC BASES. Organic conipounds derived from 
ammonia (NWH,) by the replacement of one or more 
of its hydrogen atoms by organic radicals. Organic 
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compounds that dissociate forming hydroxyl 
(OH-) ions. 

ORGANIC COMPOUNDS, Compounds of carbon and hy- 
drogen in which some (or, rarely, all) of the hydro- 
gen may be replaced by other elements or radicals. 

OrGANISM. An individual living thing. 

Osmosis. Exchange of solvent (usually water)  be- 
tween two solutions separated by a semipermeable 
membrane. 

Ovary. The female gonad of animals, in which the 
egg cells are formed, 

Ovipucts. The female gonoducts. 

Ovivarous. Laying eggs, either before or shortly after 


they are fertilized. (cf. VIvIPAROUS.) 


OvuLe. The macrosporangium of seed plants. 
Ovum. The egg cell. 
OxipaTion. A chemical reaction in which oxygen is 


accepted or hydrogen is yielded up by a substance. 
Also includes yielding of one or more electrons by 
a substance. 


PANCREAS. An important digestive gland of verte- 
brates. 
PARASITE. An organism that lives on or in another 


living organism, from which it derives nourish- 
ment. 

PARASYMPATHETIC SYSTEM. ‘That portion of the auto- 
nomic nervous system which is connected with the 
brain and the posterior end of the spinal cord, and 
whose ganglia lie in or close to the organs they 
innervate. 

PARENCHYMA. 

PARTHENOGENESIS. 
out fertilization. 

PELLicLE. A thin, flexible external cell membrane, 
outside the plasma membrane; characteristic of ani- 
mal cells. 

Pepsin. An enzyme secreted by the stomach, which 
partially hydrolyzes proteins. 

PERISTALSIS. Rhythmic contraction of the wall of the 
enteron or other tubular organs, traveling in suc- 
cessive Waves in one direction. 

PERITONEUM. The membrane lining the abdominal 
cavity. 

PETALS. The separate parts of the corolla. 

PETIOLE. The stalk of a leat. 

Puacoeytosis. The ingestion of solid particles by 
certain of the cells of a multicellular organism. 

PHaRYNX. The portion of the enteron of vertebrate 
animals, immediately behind the mouth cavity. 

PHENOTYPE. A type of organisrn judged on the basis 
of its visible characteristics. (cf. GENOTYPE.) 

PuHLoEM. That portion of the fibrovascular bundles 
which contains the sieve tubes, usually the outer 
portion of the bundles. (cf. XyLEM.) 

Puospuoipips. Lipids containing phosphorus and 
nitragen, found in all cells; essential components of 
protoplasm. 

PHotTorrriopisM. Processes by which the flowering 
and other responses of plants are regulated by sea- 
sonal (and experimental) changes in exposure to 
light and dark. 

PHotosyNTHESIS. The formation of carbohydrates 
and other compounds from carbon dioxide and 


A relatively undifferentiated tissue. 
Development of an egg cell with- 


water by the absorption of radiant energy of sun- 
light by chlorophyll. 

PHOTOTROPISM. Movement determined by the direc- 
tion of incident light. 

PHYLOGENY. The line of descent of a major group of 
organisms. 

PuyLtumM. A taxonomic group, next below a kingdom. 

PHYTOHORMONES. Auxins and other plant hormones. 

Pisti.. A separate carpel or a group of carpels united 
to form a single compound organ. 

Pith. The parenchyma in the center of a stem or 
root. 

Pituirary GLanp. A ductless gland on the ventral 
side of the brain, above the roof of the mouth, 
composed of two lobes having different origins and 
different secretions. 

PLACENTA. An organ of most mammals, by which the 
embryo is attached to the wall of the uterus and 
through which exchanges occur between the blood 
of the embryo and that of the mother. 

PLASMA MEMBRANE. The differentiated film at the 
outer surface of the cytoplasin, of ultramicroscopic 
thickness. 

PLAsTIDS. Cytoplasmic formed bodies in which oecur 
special constructive metabolic processes. 

POLAR BODIES. The very sinall, functionless cells that 
are produced, with the mature egg cell, by the mei- 
otic divisions of the odcyte. 

POLLEN GRAIN. The microspore of seed plants. 

POLLEN TUBE. The male gametophyte of seed plants. 

POLLINATION. The transfer of pollen grains to the 
stigma. 

POLYEMBRYONY. The production of two or more em- 
bryos from one, by fission. 

PoL\saccHaripE. A carbohydrate, each molecule of 
which yields, by hydrolysis, many monosaccharide 
molecules. 

Pons. A region on the ventral side of the hind part 
of the brain; an important intermediate station be- 
tween the cerebrum and the cerebellum. 

POPULATION. Any group of individuals, considered as 
a whole, especially with reference to numbers and 
statistics. 

PORTAL VEIN. 
laries. 

POTENTIAL ENERGY. Energy inherent in the position 
or configuration (relative positions of component 
parts) of a body. (cf. KINETIC ENERGY.) 

Proryases. The early stages of mitosis or meiosis, 
preceding metaphase. 

Propriocertors. Special receptors for internal stim- 
nli due to the positions and movements of the parts 
of the body. 

PROTEINS. Complex organic compounds of C, H, O, 
N, and often other elements, yielding amino acids 
by hydrolysis; essential components of protoplasin. 

PROTHALLIUM. The gametophyte of vascular plants, 
especially ferns. 

PROTONEMA. An early stage in the development of 
the gametophyte in mosses. 

Proton. A particle of positive electricity, one of the 
particulate constitutents of matter. 

PrororcasM. Living matter, a complex system of 
organic and inorganie substances, having an intri- 


A vein that starts and ends in capil- 


cate microscopic and ultramicroscopic structure 
and certain characteristic activities; i.e, metabol- 
ism, liberation of energy as movement, heat, etc., 
responses to stimuli; growth and reproduction. 

PsEuboropIA. ‘Temporary projections of the proto- 
plasm of a cell, effecting locomotion of the cell and 
phagocytosis. 

PTYALIN. An enzyme secreted by the salivary glands, 
which partially hydrolyzes starch. Also called salt- 
vary amylase. 

PupA. A quiescent stage of many insects, between 
the larval and adult stages. 


RADIAL SYMMETRY. Symmetry built around a line. 
In a radially symmetrical body (e.g., a cylinder) , 
any plane that passes through the line of the cen- 
tral axis will divide the body into symmetrical] 
halves. 

RADIANT ENERGY. Energy transmitted through 
“empty” space (i.e., space devoid of matter); in- 
cluding light, x-rays, etc. 

RaApIcAL. A group of atoms that acts as a unit in 
many chemical reactions. 

Rapicre. Tne root of an embryo plant within the 
seed. 

RECEPTACLE. ‘The base of a flower, to which all other 
parts of the Hower are attached. 

Receptor. A structure specialized for the reception 
of some particular kind of stimulus. 

RECESSIVE. A gene whose phenotypic effect is largely 
or entirely obscured by that of its allelomorph. 
(cf. DOMINANT.) 

RECOMBINATION. A new combination of genes 
brought about by the normal] processes of crossing 
over, reduction, and fertilization. 

Rectum. The terminal portion of the enteron. 

ReEpucTION. Chemical reaction in which hydrogen is 
accepted or oxygen is yielded up by a substance. 
Also the acceptance of electrons by a substance. In 
genetics, the change of chromosome number from 
diploid to haploid. 

REFLEX. A response to a particular stimulus; a reflex 
may be simple or complex, unconditioned or con- 
ditioned. When not otherwise qualified the term 
reflex usually means a simple unconditioned re- 
sponse; i.e., one involving only a single action and 
independent of any previous experience of the 
individual. (cf. CONDITIONED REFLEX, Hanit, IN- 
STINCT.) 

REFLEX ARC. A series of neurons transmitting excita- 
tion successively from a receptor through the cen- 
tral nervous system to an effector; comprising one 
sensory and one motor neuron with or without one 
or more intermediate neurons. 

REFRACTORY STATE. The state of a cell for a hrief 
period immediately following excitation, during 
which it cannot be excited again by another stimu- 
lus. 

REPRODUCTION. The production of organisms from 
those already living. 

Respiration. The intake of oxygen and elimination 
of carbon dioxide. (Often used as including oxida- 
tion in the cells.) 

Response. Any change of activity resulting from a 
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change of external or internal conditions. (cf. 
STIMULUS.) 

RESPONSIVENESS. The property of responding to 
changes of conditions by changes of activity. 

RESTING STAGE. ‘The intermitotic, or growth, stage of 
the cell. 

Ruizoiw. A rootlike organ of simple structure; dis- 
tinguished from a true root by not containing vas- 
cular bundles. 

RiwosoMeEs. Numerous fine granules seen bordering 
the endoplasmic reticulum in electronmicrographs 
of cells generally; rich in RNA; associated with the 
the synthesis of enzymes and other proteins. 

RNA. Ribonucleic acid, in which the sugar of the 
sugar-phosphate chain is ribose; occurs in three 
fractions: (1) ribosomal, (2) messenger, and (3) 
transfer RNA, all concerned with protein synthesis. 

Root Hairs. Filamentous projections of the epider- 
mal cells of roots shortly above the growing point. 


SALIVARY CLANDS. Glands located near the mouth, 
which secrete saliva into the mouth. 

Sact. A substance that produces positive ions other 
than H* and negative ions other than OH-. 

Sap. The watery solution of salts, etc., in the ducts 
and tracheids of a plant. 

SAPROPHYTIC. A mode of nutrition in which the or- 
ganism absorbs organic food directly from the en- 
vironment. 

SARCOPLASM. The liquid portion of the cytoplasm 
of a muscle cell, between the myofibrils and fila- 
ments. 

SECRETIN. An internal secretion of the duodenum, 
which stimulates the pancreas to secrete pancreatic 
juice. 

SECRETION. The liberation from cells of substances 
that have been synthesized or accumulated in these 
cells. Any substance or mixture thus secreted, 
(Often used as including also the synthesis of such 
substances in the cells.) 

SEDIMENTARY ROCKS. Rocks formed by the deposition 
in water of sand, clay, mud, etc., which subse- 
quently hardens. 

SEED. An embryo sporophyte surrounded by the re- 
mains (if any) of the mother gametophyte (endo- 
sperm) and external integuments derived from the 
ovule of parent sporophyte. 

SEGREGATION. The separation of the two genes of an 
allelomorphic pair into different germ cells during 
meiosis. 

SELECTION. Any process tending to favor the preserva- 
tion and reproduction of one type of organism 
rather than another. 

SELF-FERTILIZATION. Union of gametes both derived 
from the same individual. (cf. CROSS-FERTILIZATION.) 

SEMIPERMEABLE MEMBRANE. A membrane through 
which some, but not all, of the components of the 
separated solutions can diffuse. 

SENSE ORGAN. A multicellular receptor organ, includ- 
ing sensory cells and accessory structures associated 
with them. 

SENSORY CELL. A unicellular receptor. 

SENSORY NEURON. A neuron that either acts as a 
receptor itself or receives excitation directly from 
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a receptor that is not a neuron; its axon usually 
runs into the central nervous svstem. 

Sreans. The separate parts of the calyx. 

SFX CHROMOSOMES. A particular pair of chromosomes 
that (normally) determines the sex of an organ- 
isn. 

SrN-LINKED GFNF. Genes In the sex chromosomes, 
which are therefore linked in heredity to the genes 
determining sex. 

SPXUAL REPRODUCTION. 
fusion of two cells 
nuclet. 

Sieve TUBES. “Tubular structures in the phloem por- 
tion of vascular bundles, composed of elongate 
cells whose walls are perforated by fine pores giving 
direct protoplasmic continuity from cell to cell. 

SOLUTE. A substance dissolved in another. 

SOLUTION. A mixture in which one or more. sub- 
stances are dispersed tn the form of separate mole- 
cules or ions thronghout another (usually liquid) 
substance. 


Reproduction involving the 
gauinetes) , especially of their 


SOLVENT. The substance in whicl: another is dis- 
solved. 
Soara. The somatic cells collectively. 


somatic CELLS. The body cclls of an organism, 
which do not stand in the line of ascent of the re- 
Prodiietivie <cctis= (el Cre RAI MCEELS.} 

SPPCtES. A taxonomic group, supposed to he a group 
of individuals that do not differ from: each other 
more than offspring of he same parent may do, and 
all of which may interbreed frecly; in practice, how- 
ever, the lines between species are often drawn ar- 
hitrarily. 

SPERMARY. The male gonad, in which the sperm 
cells are formed. 

SrFRMATIDS. Germ cells of the male after the meiotic 
divisions hut before assuming the specialized form 
of the sperm cells. 

SVERMAIOCY TES. The auxocytes of the male, which 
give rise to the spermatids. 

SVERMATOGONIA. The gonia of the male, which give 
rise to the spermatocy les. 

SPERAESTOZOON: <A Spenin cell. 

SVERM CELL. A small, usually motile gamete, contain- 


ing very little cytoplasm and no yolk. (cf. Eco 
CELE.) 

SvermMipucts. The male gonoducts. 

SPHERICAL SYMMETRY. Symmetry built around a 
potmnt. In a spherically symmctrical bedy (e.g., a 
ball), any plane that passes through the cen- 


tral point will divide the body into symmetrical 
halves. 

SISAL acoRD, “The «central aervous ‘system, exclusive 
of the brain, of vertebrates. 

SPINAL NERVES. Nerves arising from the spinal cord. 

SIINDLE. A spindle-shaped group of fibers, converg- 
Ing toward opposite ends of the cell, which appears 
during mitosis and meiosis. 

SrorsANaiumM. <A hollow structure in which the spores 
are formed. 

Spore. An asexual specialized reproductive cell. 

Sporocy TE, A cell from which four spores are formed 
by the two meiotic divisions, 

SvorRoPHYLL. A modified Jeaf bearing sporangia. 


SPOROPHYTE., 
has an alternation of generations. 
PHY TE?) 

STAMEN. A microsporophyll of a lowering plant. 

StaRcH. A complex carbohydrate (polysaccharide) , 
the chief stored food substance of most green plants. 

STEAISIN. An enzyme secreted by the pancreas, which 
hydrolyzes fats and some other lipids. 

StTFREOTROPISM. Movement whose direction is deter- 
mined hy contact with a sohd body. 

StrROLs. Complex lipids, not susceptible to hydrol- 
ysis, found in all cells. 

SuiGaa. A moist, sticky surface at the tip of the pistil, 
on which the pollen grains germinate. 

Sumucus. Any change of external or internal condi- 
tions that results in a change in the activities of the 
organisin. (cf. RESPONSE.) 

StoMA. An opening from the intercellular space of 
a leaf or stem to the outer air, surrounded hy two 
guard cells. 

STYLE. The elongate portion of a pisal, hetween the 
stigma and the ovule case, through which the pollen 
tube grows. 

SuBsT ANCE. Any material composed of only one kind 
of molecule. (cf. MfixTuRE.) 

SUBSTRAIE. A suhstance acted on by a catalyst. 

Sucrose. Comunon sugar, a disaccharide found in 
many plants; ¢.g.. sugar cane, sugar beets, etc. 

SUGAR, Any monosuccharide or disaccharide. 

SUSPENSION. A dispersion consisting of solid particles 
in a liquid medium. 

SWARM SPORE. A motile spore, characteristic of some 
thallophy tes. 

SysBrosis, A mutually beneficial relation between a 
parasite and its host. 

SYMPATHPD Ite system. That portion of the autonomic 
nervous system which is connected with the anterior 
and middle regions of the spinal cord, and whose 
eangha le close to the spinal cord or in the ab- 
dominal cavity. 

SYNAPSE. The point of contact between two succes- 
sive neurons, 

Synapsis. The intimate conjunction of homologous 
chromosomes that occurs during the prophase of 
the first meiotic division. 

SyncevitumM. A continuous mass of protoplasm with 
several or many nuclei. 

SyNTHEsts. The formation of a more complex sub- 
stance from simpler ones. 


The asexual generation of a plant that 
(cf. GAMETO- 


TAXONOMIC. 
isms, 

TFLOLFCITHAL EGG. An egg cell with abundant volk 
concentrated toward the vegetal end of the cell. 

TELOMinises: The final stages of mitosis, during 
which the daughter nuclei are formed and the 
cytoplasm 1s divided. 

EESTIis.. oAcsperiary. 

Trirap. A group of four chromosomes consisting of 
a pair of homologous chromosomes each having 
divided into two daughter chromosomes; formed 
after synapsis. 

THALAMUS. The part of the brain just behind the 
cerebrum: an important intermediate station be- 


Pertaining to the classification of organ- 


tween all other parts of the nervous system and the 
cerebrum. 

THYROID GLAND. A ductless gland located in the 
throat region, below the pharynx, in vertebrates. 

THYROXIN. A hormone secreted by the thyroid 
gland. 

‘Tissue. An aggregate of cells of a particular type, or 
at most a few types, with more or less intercellular 
material of a particular type. 

TRACHEIDsS. Elongate hollow units (dead cell walls 
without protoplasm) , with oblique, perforated end 
walls, in the xylem portion of vascular bundles. 

TRANSPIRATION, A controlled elimination of water 
vapor from plants, especially through the sto- 
mata. 

TrirLoip, Having three haploid sets of chromosomes. 

TrorismM, A movement, of growth, orientation, or 
locomotion, whose direction is determined by the 
direction from which the stimulus impinges on the 
organism. 

Trypsin. An enzyme secreted by the pancreas, which 
catalyzes the hydrolysis of proteins. 

Tuber. <A short, thick, subterranean stem with nu- 
merous buds; e€.g., a potato. 

Turcor. The taut condition of a cell due to absorp- 
tion of water to the limit of distensibility of the 
cell wall. 

TURGOR MOVEMENTS, 
changes of turgor. 


Movements effected by local 


ULTRAMICROBE. An ultramicroscopic organism. 

ULTRAMICROSCOPE. A microscope in which light is 
thrown onto the object from the side, so that par- 
ticles appear as bright specks against a dark back- 
ground. 

ULTRAMICROoscoric. Invisible with the ordinary micro- 
scope, but visible with the ultramicroscope; i.e., be- 
tween about 1 mz and 100 my» in diamcter, 

UNIVALENT. A single member of a pair of homol- 
ogous chromosomes. (cf. BIVALENT.) 

Urea. A simple organic compound, CO(NH.),, the 
chicf nitrogenous waste product of mammals. 

Ureters. The tubes carrying urine from the kidneys 
to the cloaca or to the urinary bladder. 

UretTHraA. The tube carrying urine from the bladder 
to the exterior in mammals. 

Uric acip. A nitrogenous waste product, more com- 
plex than urea. 

URINARY TUBULES. The tubules making up the kid- 
ney, which produce the urine; nephrons. 

Urine. The fluid excreted by the kidneys: a solution 
of various waste products. 

Uterus. An enlargement of the lower end of the 
oviduct, in which the eggs are retained temporarily 
or in which the embryo develops; in some mammals 
(eg., man) there is a single uterus formed by 
coalescence of the two oviducts. 
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VacuoLe. <A droplet of watery fluid within the cyto- 
plasm, bounded by a membrane. 

ViaGus NERVES. The tenth pair of cranial nerves, com- 
posed of parasympathetic fibers inneivating most of 
the internal organs. 

VARIATION. Differences among organisms related by 
descent. 

VASCULAR BUNDLES. Strands of tissue containing 
woody fibers and tubular vessels, running length- 
wise through the stems, roots, and leaf veins of all 
tracheophytes. 

VASCULAR PLANTS. Plants having vascular bundles; 
l.e., pteropsidans, gymnosperms, and angiosperms. 

Vein. A relatively thin-walled, distensible blood ves- 
sel, carrying blood from the capillaries back toward 
the heart. (cf. ARTERY.) 

VENTRAL. Pertaining to the belly side of an animal. 

VENTRICLE. A very thick-walled chamber of the heart, 
which receives blood from the auricle and pumps 
it into the arteries. 

VERTEBRAE. ‘The series of short bony or cartilaginous 
segments making up the vertebral column, or back- 
bone, of vertebrates. 

VESTIGIAL ORGAN. A degenerate, useless remnant of an 


organ. 

MIABILITYG “Ability to. live. 

VILLI. Small cylindrical projections of the inner sur- 
face of the small intestine. 

VIRUSES. Ultramicroscopic intracellular infective 
agents. 

VITAMINS. A heterogencous group of relatively sim- 


ple organic food substances required by animals and 
some other organisms in very small amounts. 

Vivirarous. Giving birth to fairly well-developed 
young. (cf. OVIPAROUS.) 


WARM-BLOODED ANIMALS. Animals whose body tem- 
perature is (normally) practically constant and usu- 
ally higher than that of the environment; including 
the birds and the mammals. 

X CHROMOSOMES. The sex chromosomes of which 
there are a pair in the female but only one in the 
male, in most dioecious diploid organisms. 

XYLEM. That portion of the vascular bundles which 
contains the ducts and tracheids, usually the inner 
portion of the bundles; constituting the wood in 
woody plants. (cf. PITLOEM.) 

Y CHROMOSOME. A chromosome in the male, which 
pairs with the XN chromosome at synapsis, and 
which often contains few or no active genes. 

YoLk. Stored food substances in egg cells. 


ZOOSPORES. Flagellate spores, in many algae, 


Zycospore. A thick-walled, resting zygote, in many 
algae. 
Zycoiet. The cell formed by the union of two gam- 


etes in scxual reproduction. 
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A 

Aherration, 513-16 

Abortion, 402 

Absolute zero, 112 

Absorption, 128, 130-31, 310, 313, 339-40; in 
bread mold, 176; in unicellular and colonial 
plants, 167-68 

Acceptor compounds, 145 

Acceptors, electron, 162; hydrogen, 145: primary, 
145-46, 161 

Acetylation. 154 

Acetylcholine, 193, 414, 455 

Acetyl CoA, 149 n. 

Achromatium, 181 

Acid solutions, 73-74 

Acids, 71, 74-75; acetic, 82, 177; amino (see Amino 
acids); ascorbic, 347, 349; butyric, 177; carbonic, 
75; citric, 153; deoxyribonucleic (see Deoxyribo- 
nucleic acid): fatty, 81, 82, 3-10: gibberellic, 265: 
homogentisic, 506: lactic. 100, 177: nucleic, 
10:11,.288,-90, 137 organic, 82;-oxaloacenic: 153; 
palmitic, 82; pantothenic, 353: parascorbic, 265: 
phosphoglyceric, 165: pyruvic, 145: ribonu- 


cleie~ (see Ribonucleic acid): stearic, 82; “uric. 


a 

Acini, 44] 

Acromegaly, 410-11 

Acrosome, 273 

Acrosome filament. 273 

ACTH (see Adrenocorticotrophic hormone) 

Actin, 436, 439 

Actinosphaerium, 625 

Action potential, 190, 191, 192-93, 260. 428, 429. 
448 

Activation, 276; fertilization vs.. 274-76 

Active transport mechanisms, 112-13, 121-24; 
lonic transport, 123-24; phagocytosis, 121-22; 
pinocytosis, 121-22; water transport, 123 

Actomyosin, 439 

Adaptation, 543-44, 573; arthropod, to land con- 
ditions, 657-58; external, 543: internal, 543; of 
specics to species, 575 

Adenine, 134, 521: derivatives, 265 

Adenosine diphosphate (ADP), 144, 151, 155, 162 


Adenosine monophosphate (AMP), 144 
Adenosine triphosphate (ATP), 89, 90, 135, 143- 
44, 151, 155, 162, 163. 165. 187, 436, 439, 442 

ADP (see Adenosine diphosphate) 

Adrenal glands, 398, 406-08; cortex, 407-08; 
medulla, 406-07 

Adrenal virilism, 408 

Adrenalin, 341, 406-07, 444: in protoplasm, 89 

Adrenocorticotrophic hormone (ACTH), 411, 413 

Adsorption, 93 

Alveoli, 359, 363 

African sleeping sickness, 627 

Afterbirth, 393 

Agammaglobulinemia, 505, 507 

Agglutimins, $25 

Agglutinogens, 325 

Agnatha, 668 

Agranulocytes, 322 

Air, alveolar, 362-63; atmosphere and alveolar, 
comparison between. 362 

Alanine deaminase. 102 

Albinism, 504, 505 

Alcohol, 117: ethyl, 152: fermentation. 151-52 

Aldosterone, 407 

Aleae. 55,179; blue-oreen. 16, 17,49, 1877-208, 
594-95; brown, 210, 599-600; flame. 598-99; 
golden-brown, 597-98; green, 30, 57, 59, 62, 164, 
167-68, 596-97; nutrition of, 236-38; red, 600- 
01 

Algin, 599 

Alkaptonuria, 505, 506, 529 

Allantots, 389, 390 

All-or-none law, 435 

Alveolar air, 362-63; atmosphere and, comparison 
between, 362 

Amblystoma punctatum, 358 

Aminases, 102 

Amunation, 152-53 

Amino acids, 84-85, 86, 135, 136, 138. 139, 152-53, 
186, 312,314) 339, 341—12.-346, 405, 412. 507, 
926. See also Essential amino acids; Nonessen- 
tial amino acids 

Amino raclical, 84 

Amuinopeptidase, 103, 108, 314 
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Amitosis, 50 

Ammonia. 177 

Amnion, 389-90 

Amniotic cavity, 389, 390 

mmocha, 20, 29, 24. 49. GI, 62, 116, 
128-29, 150, 132. 195, 198, 575, 625 

Amocha hyvtolytica, 578 

Amochord movement, 94. 196-98 

AMP (see Adenosine monophosphitc) 

Amphibia, 566, 567, 666, 667, 670-71 

Amphincura, 653 

Ain phioxius, 281, 665, 666 

Ampholytes, 85 

Amplenxus, 386 

Ampullin, 585 

Atmoviase, 175 

Amvlopsin, 3 

] 


lo. 


le 
Ahlers 
Anal opening, 13] 
Anal sphincter, 315 
Amal spet, 130, 131 
Aniuphase, 45, 46 
Anutomy, comparative, 551-56 
Andalusrin fowl, 481, 482-8 4 
McdersOne fo )2925 
Anemia. 327, 317, 366 
Anesthesia, J6] 
Kaeiospcniis. 216, 219-2). -619-21 5 life cyclexof. 
209, 216-28 
AMestron, definition of. 20 


Animal cells. metabolic renctions of, 133-39; 
nutrition of, 126-39 
Animal kingdom, 624-76; rnclida, 647-A9; 


Arthropoda, 654-60; Brachiopoda, 643-44, 645; 
Bryozova, 642-43. 644; Chordata, 664-76; cr- 
teria, 624; Clenophora, 634-35; Echinodermata, 
660-61; Afollusca, 649-54; Nemathelminuthes 
(Nematodes), 644-47; Nemertinea, 641; plant 
kinedom and. 592-94; Platyhelminthes, 635-41; 
Portfera, 629-30; Protozoa, 625-28; Rotifera, 
641-42, 613 

Animal pole, 273 

Ammal populations. food supply and, 574-75 

dnnelida (scemnented worms), 647-49; character- 
istics OF, 647-49; classes of, 649; relationship to 
other ply old 

Annual rings, 248 

Anodonta cataracta, 197 

Antenor lobe, prturtary gland, 409, 410; hormones 
of, 110-12 

Anthericdia, 212 

Anthozoa, 633-34 

Antibiotics, 176 

Antibodies, 180, 320: production of 335-37 

Anticowgulints, 325 

AIC eres 20) 

Antisera, 579 


Anus. 283, 387 

NOP oe eo eo 0. 31 

Nore arches, $30, 331, 332 

VGH CCl eee O38, oe 1S 24 

Apocnzyme, 10+ 

Appendix. SL). 34 b54 

cfrachnida, 655 

Arbacia proretulata, 199 

are hacapteryx, 568, 569 

ACN CCOMhe atone te. OL) 61d 

\rchenteron, 278 

Archcozoic era, 186, 563, 564, 565 

Archiannelida, 649 

Arecnine, 312,92 

Son De 6) 

Arteries, 327, 328; of human bode 331-32 

Arterioles, 329 

Arthropoda, 654-60; adaptations to land cond- 
tions by. 657-68; frachnida, 655; characterisucs 
of. 654-55; Chilopoda, 655-56; classes of, 655- 
57; Cyustacea, 655: Diplopoda, 655-66; Tnsecta, 
655; invasion of land by, 657; Onychophora, 
656, 657: Trilobita, 654, 656-57 

Artificial selecnon.. 516-17, 542 

GT cio 

Ascocarp, 605 

Ascomycetes (sac fungi), 604-06 

Ascopores, 605 

Ascorbic acid. 347, 349 

Asexual reproduction, 55-57, 203: binary fission, 
55-56; budding, 56; heredity in rclation§ to. 
499-501; multiccllular animals, 393-96; sporn- 
lavian, 56-57 

Asparagine. 135 

Asypereilius, 174, 604 

Asphynia, 366-67 

\spliyxiatioin 132 

cstcroidea, 663 

Asters, 28, 43 

Athlete's foot, 607 

a-tocopherol, 349 

Atomic numbers. 70 

Atonis, electronceitive, 70: electropositive, 70: 
molecules vs., 67—68; structure of, 69-71 

ATP (see Adenosine triphosphate) 

Aurcomycin, 176 

Auricle, 294 

Autocatalysis. 110-11 

Autosomes, 497, 498, 507 

Auxins, 262-63; characteristics of. 264-65; im- 
portance of, 267 

NMC VLC) alec oes) 

lves (birds), 667, 672-73 

Avitaminoses, 347 

ital lament: 275.274 

clxololtl, 40 

Axons, 287, 288, 453 


Bacilli, 173, 176, 602 

Backcrossing, 486-87 

Bacteria, 19, 20, 36, 48, 49, 55, 163, 173, 315, 442, 
601-02; cellulose, 177, 179; chemotrophic, 181- 
82; decay and, 177; denitrifying, 177; life cycle 
of, 208) amulk-souring, 1775 nitrate, 182,018); 
nitrite, 182, 185; nitrogen-fixing, 180-81, 185; 
putrefaction and, 177; saprophytic, nutrition of, 
176-77; sulfur, 181; vinegar, 177 

Bacteria] transformation, 520, 521 

Bacteriology, 14 

Bacteriophages, 8. 9, 10 

Ballantidium coli, 628 

Barber's itch, 607 

Bartum meal, 309; liquefaction of, factors involv- 
ing, 310 

Barron, E. S. G., 106 

Basal metabolic rate, 344 

Bese-pair rule, 134,.)35; 523,-524,-525 

Bases, 71, 74-75; abiotic, 587, 588; organic, 88, 89; 
pyrimidine, 137 

Basidiomycetes (club fungi), 606-07 

Basidiospores, 606 

Bast, 243, 244 

Beadle, G. W., 529 

Beaumont, W., 305 

Bees, 655, 658, 659-60 

Behavior, 467-70; conditioned reflexes, 468-69; 
external, 544; insect, 660; language as mode of, 
470; of man, 469-70; modifiability of, 468-59; 
unconditioned reflexes, 468 

SENET, Os) Dt, 020 

Beriber1, 351-52 

Bicarbonates, 365 

Bile, 296, 310, 312, 313-14; flow of, 314; secretion 
of, 343 

Bile duct, 313, 333 

Bile pigments, 313 

Bile salts, 313 

Bilirubin, 313 

siliverdin, 313 

Dinary fission, 55-56, 208, 393-96 

Biochemical relationships among 
557-59 

Biology, 3, 14-15; aim of, 6; subdivisions of, 14; 
values of, 14-15 

Bioluminescence, chemistry of, 442-43 

Biotin, 353, 530 

d1Iparental inheritance, 51, 55 

jirds (see Aves) 

Blackman, F..E,, 160 

Bladder, 283, 384, 385, 387 

Blastocoel, 277 

Blastomycosis, 604 

Blastopore, 278 

Blastula, formation of, 277 


orga nisms, 
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Blind spot, 424 

Blindness (see Color blindness; Night blindness) 

Blood, 118, 289-90, 319, 320-26; carbon dioxide- 
carrying capacity of, 364-66; coagulacion of, 
323-25; components of human, 32]; glucose 
level, regulation of, 341; lymph and tissue cells, 
relationship between, 329-30; oxygen-carrying 
capacity of, 363-64 

Blood cells, 289 

Blood platelets, 289 

Blood types, 325-26 

Blood vessels, 327-28; structure of, 328-29 

Blue-green algae (see Algae) 

Blutpunkt, 388, 413 

Bolus, 300, 301 

Bonds, hydrogen, 87, 521-22; peptide, 85, 86, 87; 
high-energy phosphate, 143: high-energy sulfur, 
154, 155 

Bone, 289 

Done, | 1:206,052-533 

Borthwick, H. A., 266 

Botany, 14 

Bowin, A., 520 

Bowman, W., 372 

Bowman’s capsule, 372, 375, 376 

Boysen-Jensen, 26] 

Brachet. 3525 

Brachiopoda, 643-44, 645 

Brain, 458, 664; structure of, 458-60 

Brain stem, 459, 464 

Branchiopericardial canal, 319 

Branchiostoma, 665 

Bread mold, 210, 211; nutrition in, 175-76 

Breathing, control of, 367-68; movements, 361-62; 
reflexes, 367 

Breeding, selective, 510, 516-17 

Breeding experiments, 480-95; allelic genes, 484; 
complementary genes, 490; crossing over, 491- 
93, 494; dominant genes, 484; genic potency. 
variitions in, 489-90; genotype vs. phenotype, 
484-87; incomplete linkage, 491-93; independ- 
ent assortment, 487-89, 490; linkage (dependent 
assortment), 490-91, 492; localization of genes 
in the chromosomes, 493-95; Mendel’s law, 490; 
Mendelian inheritance, 481-84; Morgan’s laws, 
495; segregation, 481-84, 490; supplementary 
eenes, 490 

Briggs, R., 53] 

Lrittle stars, 660, 661, 664 

Bronchi, 359, 360 

Bronchioles, 359 

Brown algae (see Algae) 

Brownian movement, 92 

Bryophyta (moss plants), 610-11; life cycle of, 208; 
nutrition of, 239-42; organs and tissues of, 
241-42 

Bryozoa, 642-43, 644 
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Budding. 56, 393~96 


Budsasecds plants: 232 
Bullock, T. H.. 456 

Burnet, Sir Maclarland. 335 
Buitco lineatus, 575 
Butyric acid, 177 


Caecuin, 314 

Caisson sickness, 585 

Calcilerol, 353 

Calaferous glands, 296 

Calciostats. 406 

Callose, 253 

Culorinetrya direct, 3:45; indirect, 344 

Calvin cycle, 164-67 

Calvin, A.,. 761, 164 

Gambian, 250. 243,247, 248 

Cambrian period, 563, 564, 565 

Cancers, 48-49 

Capillary circulation, 329 

Carbohydrases, 103 

Carbohydrates, 3-4, 76-80, 137; chemical nature of, 
80: disaccharikles. 79-80; as food substance. 127: 
glucose. 76, 77-79; monosaccharides, 79; poly- 
saccharides, 80; synthesis in green plaints, 169 

Carbon, 65, 76. 158: 1 organic synthesis, 164-67. 
See also Radioactive carbon 

Carbon cycle, 183, 184 

Carbon dioxide. 79970, lo8. WoO. laecls 72 cal\ = 
ing capacity of blood, 364-66; as food substauce, 
127 

Carbon monoxide, 366 

Carboniferous period, 563, 565 

Carboxylases,. 52 

Carboxyt radical, 32 

Cirbox ona tos, 105 

Carboxypeptidase, 102, 108, 314 

Carcinomas, 48 

Cardiac muscle, 286, 287, 439-40 

Carnivora, 676 

Carotene, 348, 350 

Carotid sinus, 368 

Carpets, 218 

Carragecnin, 601 

Canuliges 283,206,209 

Casein, 306 

Casemogen, 306 

Caspersote wl 4:52 

Castration, 399 

Catabolism, 132, 138; 155 

Catalase, 100, 138, 146 

Catalysis, 99-100; enzyme. mechanism of, 105 

Cell, the, 6-7, 16-35; acceptors ol, primary, 145- 
46; active transport mechanism, 1]2-13, 121-24; 
apIGlh. 2200250 stn eae Dlood.. 280 4G yt: 


plasmic organelles, 28-29; cytoplasmic vacuoles, 

29-30; cytoplasm of, 23-25, 34-35; daughter 

cells, +1, 44, 45, 48, 56: “death” of, 96; defini- 

tion of, 16; diploid, 52; division of (see Cell 

division); eeg (sce Egg cell); energy transforma- 

tions in, 143-49; enzymes and, 99-111]; epithe- 

lial, 19, 21, 48; extrancous (nonprotoplasmic) 

membranes, 33-34; fibrillar structures, 30-31; 

flame, 370; form of, 19~21; gamete (see Gam- 

etés): term: (see Germ cells) “@landular,. 35; 230; 

goblet, 298: green plant, nutrition of, 158-7]; 

euard, 242) 229 22505 251 asm peLlecrasmoic 

unit, 115-16; intracellular structure, 21-22: in- 

trinsic (protoplasmic) membranes, 31-33; mem- 

hrane.d6. 1h 7oncredsce enions)-aiclens of. 

22-23, 34-35: organism and, 35-38; osmosis and, 

115-16, 118-21; parts of, 16-17; passive transport 

mncelimnsniss hl 2—21e7 plistinie sare. POle, AAO: 
pore, 240; principles, 7, 16, 38+39; responsive- 
ness in single, 189-200; root hair, 19, 22; size of. 
17-19; sperm. 273-74; tumor, 43; veast, 56 

Cell ageregates, 36 

Cell division, 23, 40-62; cancer problem, 48-49; 
control of, 48; metetic, 51-55; mitotic, 41-49 

Cell plate. 47 

Cell principle, 7, 16, 38-39 

Cell syeall, 3o-34, 47 

Cellular endocrinology, 417 

Gellar nictibolsnr, 135 

Cellular structure of protoplasm, 6-7 

Gelhiahrsew dsl) 77 

Cellulose, 34, 76, 80 

Cellulose bacteria, 177. 179 

Cement, intercellular, 34 

Cenozoic era, 563, 563, 569 

Centipedes, 655-56 

Central lymph vessel, 339, 340 

Central nervous system, 4517-52, 458-65; brain, 
structure of, 458-60; conduction paths, 461-63; 
cranial nerves, 46), 462) craimospiial acres: 
460; impulses. localization of, 464; motor 
(pyramidal) tract, 464-65; sensory tracts, 463- 
64; somatic reflexes, 460-63; spinal cord, struc- 
ture of, 458-60; spinal nerves, 460-6] 

Central spindle. 4+ 

Centrioles, 28, 43. 45 

Gentiolecithialesrs,2 72 

Cecntromere, 4] 

Centron, 287, 288, 453; dendrite and. functions of, 
455-58 

Cephalochordata, 605 

Cephalopoda, 653-54 

Cephalothorax, 654 

Cerebellum, 459, 460 

Cerebral cortex, mipulses tn, localization of, 464 

Cerebral hemispheres, £60 

Cerebrun, 459, 400 


Cae 


Cervix, 387, 388, 394 

Cestoidea, 639-4] 

Cetacea, 676 

Chance, B., 106 

Chareall@k., 521 

Chase, MI. W., 523 

Chelonia, 67) 

Chemical activity of water, 72-75; electrolytes 
and nonelectrolytes, 73; hydrogen and hydroxy] 
ions, 73; in relation to dissociation, 72—73; salts, 
acids, bases, and respective ions, 74-75; solu- 
tions, acid, basic, and neutral, 73-74 

Chemical combinations, mixing vs., 69 

Chemical composition of protoplasm, 6, 65, 71-90; 
organic ys. Inorganic substances, 71; water, 71- 
75 

Chemical energy, 66 

Chemosynthesis, 167, 18] 

Chemotrophic nutrition, 181-82 

Chemotropisms, 264 

Chestnut blight, 604 

Chilopoda, 655-56 

Chiroptera, 675 

Chitons, 649, 650, 651, 652, 653 

Chlamydomonas, 61, 167, 596, 597 

Chlorella, 164, 168 

Chlorenchyma, 240, 243 

Chlorophyll, 28, 159-60; molecular structure of, 
159 

Chlorophytes (green algae), 596-97 

Chloroplasts, 28, 29, 158, 159-60, 178, 243, 596, 
598 

Cholecystokinin, 314 

Cholesterol, 83, 313 

Cholinesterose, 193 

Chondrichthyes, 667, 669 

Chondrin, 289 

Choncroblasts, 289 

Chordata, 664-76; Cephalochordata, 665-66; 
characteristics of, 664; classes of vertebrata, 
668—76; Hemichordata, 665; interrelations of, 
560; lower, 664-66; Urochordata, 665; T’erte- 
brata, 664, 666-76; vertebrate characteristics, 
666-68 

Chorion, 390, 391 

Chroniidtin, 22 

Chromatography (see Paper chromatography) 

Chromatophores, 195, 443 

Chromidia, 16, 18 

Chromosome maps, 495, 496 

Chromosome numbers, 50, 55, 490 

Chromosonies, 7, 17; 22, 25, 41, 47: free ‘assort- 
ment of, during meiosis, 479-80; importance 
of, 49-50; localization of the genes in, 493-95; 
in man, 507-08; sex, 497-98, 507; theory of 
heredity, 475 

Chrysophyta (golden-brown algae), 597-98 
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Chyme, 308 

Chymotrypsin, 102, 108, 312 

Cilia, 30, 129, 195, 197 

Ciliary fibrils, 30 

Ciliary movement, 195-96 

Ciliata, 627-28 

Cilrophora, 625, 627-28 

Circulation, capillary, 329; lymphatic, 334; single 
vs. double, 330-31. See also Circulatory system 

Circulatory system, 318-37; arteries of human 
body, 331-32; blood, 320-26; blood, lymph, 
and tissue cells, relationship between, 329-30; 
closed, 664; development of, 332; direct circu- 
lations, 318-19; heart, the vertebrate, 326-29; 
hepatic portal system, 332-33; indirect circula- 
tions, 319-20; lymph, 333-37; single vs. double 
circulation, 330-31; veins of human_ body, 
331-32 

Cistudo carolina, 576 

Clams, 649, 650, 652, 653 

Class, taxonomic category, 593 

Classification, evolutionary basis of, 553-54 

Clear cytoplasmic matrix, 23 

Cleavage, 198-99, 277 

Cleavage furrow, 45, 47 

Clitehum, 382 

Cloaca, 383, 584 

Clonorchis sinensis, 638 

Clostertum, 167, 168, 170 

Coagulation of blood, 323-25 

Cobalamin, 349 

Cocci, 173, 176, 602 

Coccyx, 554 

Cochlea, 425, 426 

Coelenterata, 369, 593, 630-34; Anthozoa, 633-34; 
characteristics of, 630-32; classes of, 632-34; 
Hydrozoa, 632-33; phylogeny of, 634; Scy- 
phozoa, 633 

Coelom, 278-80 

Coelomic cavity, 295, 389 

Coenzyme A, 153~55 

Coenzymes, 104, 346, 352 

Cofactor, 104, 146 

Colien.Sso4 0eD 

Colchicine, 507 

Coleoptera, 658 

Colloidal size range of protoplasm, 91-92 

Colon (large intestine), 296, 297, 311, 314-16; 
movements of, 315-16 

Colonies, incipient, 66; permanent, 56; true, 55 

Color blindness, 499 

Colorless parenchyma, 243, 245, 246 

Combustion, nature of, 13 

Comparative anatomy, evolution and, 554-56 

Compounds, acceptor, 145; high-energy phos- 
phate, 143-44; organic, 77 

Concentration, 114 
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Conduction, main paths of, central nervous sys- 
tem, 461-63: stem, 249 

Conductivity, “one-way.” 456-37 

Conductors, 194, 195 

Conifers, 617 

Conjugated proteins, 88-89, 104 

Conjugation tube, 58 

Connective (ststentive) tissues, 288-90 

Conservation of food clements, 173-87 

Gonstirictive inctibolisny. IB8=37. 2e4; m 
plints. 169-70 

Consumers, 587, 588, 589 

Contractility, Of 

Camtrictions, cen surlice, 1a: 
mechanism of, fine structure 
Oly chemical: ats aecin Io =10 
433-34: tetanus, 43-41-35 

Capmmlationice ? oon. .o8a5, 150 

Corallina, 600 

Corea. 0as 

Corals, 633-3 | 

Corn smut. 607, 610 

Compo aiitty ls 

Corpora cardiaca, $14, 417 

Corpora cavernosa, 385 

Corpus luteum, 588, 101, 47] 

Gorpuscles fsee Platelets: Red corpuscles: White 
corpuscles) 

Cortex. 3243, 2 17.. 248. 4062 adrenil. 407_-08> cere: 
bral. nnpulses in, localizatuion of, 464 

Corticotrophin, 410 

Cortin. 107 

Cortisol, 07 

Coty leans 222224, 230) 

Cowper's vlands. 385 

Cranial nerves. 461, 462 

Craniata, 668 

Craniospinal nerves, 460 

Cranium, 158 

Crenation, 120 

Cretaceous period, 563, 565 

Cretinism, 316, 404 

Crick Pe 1552 21522 6 oes 

Crinoidea, 664 

Ciristae, 28 

Crocadilia, 67) 

Cro-Magnon nan, 12, 571 

Crop. 296 

Crossing ovcr, 491-93, 494 

Crossoplerygi, 670 

Cross-pollination, 221] 

Gaiustacea, 655 

CUMPOLGIVe Saco! 

Crystalloidal range of protoplasm, 91-92 

GCaxstals; vrowth al, 52 al tobacco: mousne “virus, 
9-10 

Ctenophora, 634-35 


ercen 


erndation of, 435; 
GL, AS7=-39; process 


sigle: “twateli, 


Cutaneous receptors, 419-20 

Cuttle fish, 653 

Cyanide. bay. 

Cyanopliyta (blue-green algae), 594-95; life cycle 
of, 208 

Cycads, 619 

Cyclic usage of food elements, 183-85 

Cyclo py, DF | 

Cyclosts, 198, 244 

Cyclostonata, 667, 668-69 

Cytochrome oxidase, 117 

Cxtochronre system. Wibe V7 

Cytochromes, 146-49 

Grtoloey 222 

Cytolysis. osmotic, [19 

CxO sie d, LO ecdeeo, (4) 18): 
ities of, functional. 34-35 

C ylosiier diotenva! 


responsibil- 


D 

Daphnia, 574, 589 

Dark reactions, 160, 163-64 

Darwit, G. 538) 548, 574, 634 

Dasa plumosa, 601 

Danehter ochse tlt t 1948.0 01390 

Deamimatiow, 138,. 152-53; reactions, 13 
lormation and, 341-43 

Degarboxvithon 1522 redcuen. la2 

Decay. saprophytic bacteria and, 177 

Decoinpascis-3a7,- 588 8a) 

Decomposition. hydrolyac, 129: photochemical, 
[62> Teaetions, 16 

Detecanon. ls. ois 

Defense, mechanisms of, 575-76 

Deheiency diseases, 347 

Deficiency experiments. endocrine glands. 399, 
410 

Dehydration synthesis, 79 

Dehydrogenases, 101, 145 

Dehvdrogenation, 145 

Delivery of human child, 393, 394 

Demerec, M., 542 

Dendrites. centrons and. functions of, 455-58 

Dendron fibers, 453 

Dendrons, 287. 288 

Dentalitnon, 650, 633 

Deoxycorticosterone, 407 

Dees ibonue cre saci (DNA) JO 820. 527. D350: 
as genic material. identification of. 520-21; 
“TUelegpEntemis, 7 = qorotcmsn hie Uo eased 7, 
83, 88. TL0) Waleso: aibanuchac saci: (RNA): 
protein iterrelationship, 525-26: sclf-templated 
replication of, 522-24; structure of. macromo- 
lecular, 521-25; viral, replication of, 524-25 

Deoxyribose, 80 

Dependent assortment, 490-9] 


urea 


Deplasmolysis, 120-21 

Desaturation, 343 

Desmids, 596, 597 

Destructive metabolism, 137-38, 354-55, 343-45; 
in green plants, 170 

Deterzents;,513 

Determination, 533-3-4 

Deuterium, 142 

Deuteromycetes (imperfect fungi), 607 

Development, embryonic, 277-80; genes in, role 
of, 529-31; mechanics of, 531; mulucellular 
plants, 228-34 

Devonian period, 563, 565 

Diabetes insipidus, 376, 412 

Diabetes mellitus, 408 

Diapause, 417 

Diapedesis,. 322 

Diaphragm, 311, 312, 360 

Diatoms, 597-98 

Dicotyledoneae, 62) 

Dictiostelium, 36, 533 

Didinium, 576, 628 

Diet, balanced, metabolism and, 343-54; construc- 
tive metabolism, 345-54; destructive metabo- 
lism, 343-45; energy requirement, 343-45; in- 
organic requirements, 345; organic require- 
ments, 346 

Difflugia, 625 

Diffusion, 113-15, 133; free, 114; law of, 114 

Digestion, 128, 129-30, 313 

Digestive enzymes, 102-03 

Digestive glands, 296 

Digestive system, 278, 279; development of, 283- 
84; gastric vacuoles, 291-92; in man, 296-316; 
in multicellular animals, 291-96; saccular sys- 
tems, 292-95 

Digestive tract, structure of, 297-98; 
295-96 

Dinoflagellates, 598 

Dinosaurs, 561, 568, 671 

Dintzis, H. M.. 135 

Diphenylurea, 265 

Diphosphopyridine nucleotide (DPN), 145 

Diplodocus, 56] 

Diploid cells, 52; origin of, 52 

Diploid phase of lile cycle, 6] 

Diploidy, 50-51, 203; in higher plants, 205-07, 
208 

Diplomycelium, 21] 

Diplopoda, 655, 656 

Direct calorimetry, 343 

Disaccharases, 314 

Disaccharides. 79-80 

Disc flowers, 225, 227 

Discase vectors, 581 

Diseases. artificial defenses, 579-81; clubroot. 603: 
coccicial., 628- deliciencys. .5:175. clephumtrasis, 


tubular, 
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646, 647; Grave's, 495: infectious, 578, 580; 
mosaic, 8; natural defenses, 578-79; parasiuc, 
578-81; powdery-scab, 603: red-water fevers, 
628: resistance to, 578-81; trematode, 638-39. 
See also under name of disease 

Dispersion medum, 7] 

Dispersions, diphasic and multiphasic, 93 

Dissociation, of water, 73; water in relation to, 
72-73 

Distribution (in nutrition), 128, 131-32; of or- 
gunic substances in plants, 253; in unicellular 
plants, 168-69 

Division of cells (see Cell division) 

Division furrow, 45, 47 

DNA (see Deoxyribonucleic acid) 

Dopa oxidase, 530 

Dorsal aorta, 330, 331 

Dorsal blood vessel, 326, 327 

Dorsal lip of blastopore, 534-35 

Dorsal root, 461 

DPN (see Diphosphopyridine nucleotide) 

Drosophila melanogaster, 51, 481, 489, 490-99, 
503.910) 91256929" anuitiphcation: of, 540 

Drugs, plant products as, 257 

Dryopteris marginalis, 204 

Dubois, R., 442 

Ducts, 243, 244, 245, 246, 247; excretory, 370: 
oviduets, 381> sperm, 581: thoracic, 340; vasa 
efferentia, 383, 584 

Dugesia dorotocephala, 294 

Duodenum, 310, 311; relations to liver and pan- 
cTensac3 LT 

Dutch elm disease, 604 

Du Vigneaud, V., 412 

Dycsee2s 28, G0 1,74 


ie 

Far, structure of human, 425 

Earthworms, 647, 649; blood vessels of, 327; cop- 
ulation of, 382; excretory process of. 371; nerv- 
ous system of, 451-53; tubular digestive tract 
of, 295-96 

Eccysis, 417 

Ecdysone, 417 

Echinodermata, 660-64; characteristics of, 660- 
63; classes of, 663-64; relationship to other 
phyla, 664 

Echinoidea, 663 

Ecological succession, 589-90 

Ecological systems (ecosystems), 587-90; imbalance 
in, 589; succession in, 589-90 

Ecology. 544; evolution and, 573-90 

Ecosystems (see Ecological systems) 

Ectocarpus, 599, 600 

Kctoderm, 278. 279, 284 

Ectoparasites, 178 
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Kdemiu, 335 

Edentata, 676 

Effectors, 194, 433-45; cardiac 439-40; 
elec trt Tile ce ON Tye ucts 
elands, 433, -f10-#1; luminescent organs, 43], 
442-45; pigmentary, £31, 443-15; skeletal mus- 
cles, 431-39: visceral, 465-67: viscéral muscle. 
439-40 

Feestion, ]28, 131 

Boece 3wisies. 131 

Leue cell, 1271-73; ccntrolecith wd, 272; female 
enmete, 7;  lettilied: weer Zveote); heniole- 
CMA Poesy Spel iinaiiel, Oo-OUp cololeciehial: 
ee h TON DOs cil Fa 

Eqclitc, ter ss 1 

EMCirOl yest. 

Lleciron aeceptor. 1G 

hlectton-hydrogen transiussion, 1-46-49 

IICCErOAT TIGRsc pers a |. COL oo ee ree. Ose t's 
30, 190 

Wicetrmans. 70. bd lealaaictire., 7 0 

Elephantiasis, 616, 047 

Elodea, 198 

Embryo, 277; development of, 277-80; human, 
Da eo. GOOD Wi eMalioniurelyr esos. MELON 
of, $8892: phant, protection of, 610; sccd pliant 
development. 230,291; stricture of. i ‘secd 
plits: eee 

Embryology, descriptive, 271; evolution and, 556— 
57; expermicntal, 271, 531-36 

Embryophyta, 609-21, Bryophyta, 610-11; Tra- 
cheophyta, 01-21 

Emulsilving agents, 93 

Emulsions, 9352 cnilenisavater, 93, Se 
water-in-oil, 93, 91 

Enc eo ligilitiss tie./0-. 

Endocrine glands, 383, 398-417; activites of, 413- 
17; adrenal ehinds, 106-08; ovary as organ of, 
400-02; pancreas, function ol, 108-09; para- 
thyroid glands, 405-06; pituiuary gland, 409-13; 
CCST IMCENOUs 390% TOSS: 21s. SUI l0Dy thi 
roid gland, 102-05 

Endocrinology. cellular, 417; invertebrate, 

Endocdlern. 273, 28 formation of.° 277-78 

Endodenmis, 2-43, 2:16, 250 

Endopiurasites, 178 

Encdopeptidase. 306 

Endoplasmic reticulum, 7, 23-25 

Endoskeleton, 66] 

Endothelium, 328, 329 

Eircron] 52 tonic 00) as ilabwlity arom a ier- 
ent floods, 344-45; chenncal, 66. 78; clectrieal, 
bb. 55" veleeivontes Ob: excitation. ols First 
Laswell 185s fornis:ol,, 66> Tree. 143 > kinietic, 
66, 71; matter and, 66-71; mechanical, 66, 185; 
molecular, 66; osmotic, 185; polymolecular, 66; 
potential, 66, 71; radiant, 66, 167; requirement, 


muscle, 


Organs, 


stithle. 93; 


+]4 


balanced diet, 343-45; Second Law of, 185-86; 
solar, 185~86; transformations in the cell, 143- 
49; Wansmitters in protoplasm, 89 

Enterokinase, 3]2 

Fnteron. 283 

Entropy, 143 

Environment, abiotic, 581-86; biotic, 573-81; 
ecological changes in, 545, 546; land, adaptation 
of plants to, 609-10; land and, plant nutrition, 
238-39; limitations of, 541; organisms and, 573 

Fnvironmental variauions, genetic vs., 513-17 

knzyme catalysts, 99-100; mechanism of, 105 

Enzyme induction phenomena, 530-31 

kazyme mhihition, 106 

Engvintessrns. Feu idl $01. 306; 312. 323,442; 
506-07; action of, 104-08; catalytic potency of, 
108-09; catalyzed reactions, reversibility of, 
107; ccll structure in relagon to, 107-08; chem- 
ical nature of, 103-04; cdlefinition and example, 
100-03; digestive, 102-03; hydrolytic, 28; mm- 
portance of. 100; intermolecular fit, concept of, 
106; master. }FO-11; metabolic, 101-02; naming 
of, 100-01; representative, 101-03; sensitivity 
to hydrogen and other ions. 109; specificity ol, 
101, 108; substrate combinations, 104-06; tem- 
perature in relation to, 109-10 

Ephedrin, 406 

Epicoty tl. O25 oa) 

Epidermal tissues, 239, 241, 242-43 

Epicdcimiis, (oo e243, 92410, 247 248250 

PF piclidvimiis. 384, 385 

Ppoithelineets 12118 

Epithehal tissues, 285-86 

porthehiim <292 293) 387 

Equilibrium. receptors of, 424-25 

Equisctum, 614 

Erectile tissue, 385-86 

Fry throblastosis letiles: 326 

Erythrocytes, 289-90, 320-21 

Lrythropoietin, £13 

saat etisn 280, 200% 207, 000,04 

Esciatinl amino-icids, 136. 137, 153, 346 

Estrneen, 387 

Estrous cycle, ovarian hormones and, 400 

Ether. 117 

Ethyl] alcohol, 152 

Eudorina, 59, 61] 

Euglena, 178, 592 

Euglenophytes (Euglenoids), 596 

Eumycophytes (rue lungi), 604-09; Ascomycetes, 
604-06; = Lasidiomycetes, 606-07;  Deutero- 
neycetes, 607; lichens, 607-09; Phycomycetes, 
60:1 . 

Eustachian tubes, 283, 303 

Euthcria, 675, 674-75; orders of, 675~—76 

Evolution, 538: biochemical relationships among 
organisms, 557-59; classification, basis of, 553— 


54; comparative anatomy in relation to, 554—- 
56; consequences of, 552-70; ecology and, 
573-90; embryology and, 556-57; fossil record, 
559-70; of green plants, 187; Lamarckian 
theory of, 549-50; vestigial organs and, 554-56 

Excitation, 190-93; energy, 162; metabolism, 193; 
turgor movement, 260; visual, chemistry of, 
423-24 

Excretion, 128, 133, 369-78; in plants, 170-7], 
256. See also Wastes 

Exopeptidases, 314 

Experimental embryology, 531-36; determination, 
533-34; embryonic organizers, 534-36; morpho- 
genesis, problems of, 532-36 

Experimentation, scientific method, 13 

Extensors, 43] 

External fertilization, 381-83 

External respiration, 357-63 

Extinction of species, 545-48 

Eye, human, 421-24 

Eye spots, 293, 294, 42] 


F 

Facilitation, 457-58 

FAD (sce Flavin adenine dinucleotide) 

Fallopian tubes, 386, 387 

Family, taxonomic category, 593 

Fasciolopsis buski, 638 

Fat solvents, 117 

Fatigue, 434; synaptic, 457; total, 193 

Fats and fatlike substances, 80-83; food substance, 
127; phospholipids, 82-83; steroids, 82-83; true 
fats, 81-82. See also Lipids 

Fatty acid, 81, 82, 340 

Feces, 13] 

Fermentation, 149 n.; alcoholic, 151-52, 175 

Ferns, 616-17; life cycle of, 203-05, 209, 214 

Fertilization, 5]; activation vs., 274-76; diagram 
of, 275; diploidy in relation to, 50-5]; external, 
381-83; haploidy in relation to, 50-51; inter- 
nal, 381-83; origin of diploid cells, 52 

Fertilization cone, 272, 273, 274 

Fertilization membrane, 272, 274 

Fertilized egg (see Zygote) 

Feuloen,..Ry,.520 

Feulgen reaction, 23 

Fibers, spindle, 41; traction, 44, 46 

Fibrillar connective tissues, 288-89 

Fibrillar structures, 30-31 

Fibrils, 23; ciliary, 30 

Fibrinogen,, 320; 323 

Fibroblasts, 288 

Filaments, 438 

Filarial worms, 645 

Filicineae, 616-17 

Filtration, 373-74 
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Fischer, E., 106 

Fishes (see Chondrichthyes; Cyclostomata; Os- 
teichthycs) 

Fission, 393-96; binary, 55-56, 208, 393-96 

Riarells 30, 165.1957.292 590,598 

Flagellaia, 178, 625, 626-27 

Flame algae (see Algae) 

Flame cells, 370 

Flatworms, 635-41 

Flavin adenine dinucleotide (FAD), 145 

Flavin mononucleotide (FMN), 145-16 

Flavors, plant products as, 257 

Flexors, 431 

Floral structure, variations of, 224-25 

Flower, of seed plants, 216-19 

Flukes, 636, 637-39 

Follicular fluid, 387 

Food, analysis of some common, 345; conserva- 
tion of, 173-87; cyclic usage of, 183-85; defini- 
tion of, 126; energy from different, availability 
of, 344-45; essential kinds of, 345-54; principal 
substances, sources and uses in organisms, 127; 
proteins in some common, character of, 347; 
spoilage of, 602 

Foodrenia 1287124) 

Food supply, animal populations and, 574-75; as 
population-limiting factor, 541 

Food vacuole, 128, 129 

Foraminifera, 625 

Ford, C. E., 507 

“Forward direction,” law of, 456-57 

Fossil record, 559-70. 592: geological strata, rela- 
tive ages of, 562-64; ecological time, cras and 
periods of, 564, 565; survey of, 564-70 

Fragmentation, 152 

Fraternal twins, 395, 499, 502, 510 

Free encigy, 143 

Free nitrogen, 177 

Free oxyeen, 156 

Frisch, k. von, 660 

Fructokinase, 100, 101, 150 

Fructose, 79, 80, 385 

Fructose diphosphate, 150 

Fruit structure, variations in, 225-28 

Fucoxanthin, 598, 599 

Fucus, 210, 599, 600 

Fungi, 173-74. 265. 4-42. 601: bracket, 606: club, 
606-07; cup, 605: imperfect, 607; sac, 604-06; 
sponge, 605; truc, 604-08 

Furrowing, 43, 45, 47, 48 


G 
Gaffron, H., 161 
Galactose, 79 
Galactosemia, 505 
Galactosephosphate transferase, 506 
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Gall bladder. 3 bly 513 

Gall stones, 3)3 

Gilvanoeltectors, +41 

Gumetes, 57, 58, 59, 60, 61, 271, 380. 5]4; matura- 
tion of, 476-79 

Gametogenests, 176-79 

Gametoplivie generation, 212 

Gametophytes, 62, 203. 204-05, 207, 
he oboe 2 besienihicdiee t= 2 

(UNO eho eto cCOlntLOhdlartOr.: Jiteril. 107, 
parasympathetic, £07 

Garrod, A. DS 

GosesO7, fly iiNe prot plasin, fo 

Gustric eluncls, 296, 298, 299, 303 

Gastric juice, 130, 296, 303, 305-08; composition 
of, 305-06: flow of, control of, 305-08; func- 
trons of, 306 

Gastric lipase, 103 

Giustrin, $07, 308 

Gastropoda, 653 

Guistravasenlair city, 29% 

Gastro 78 

Gustmilation, 277=78, 534,535 

GDH (see Growth and dillerentiition hormone) 

Goioer counter, 142 

Gelation, 94-95 

Gelidium, OO] 

Gels, 94-95 

Generation, gametophyte, 242: spontiuncous, 186; 
sporophyte. 61, 216, 2-12 

Generations, alternation of, 203 

Generator potentials; 123.429 25h 

Genes, W0n gi isos alleles 404.5097 oto compile 
mentary, 190; concept of, 526. dcoxvribonucletc 
acicl (DIN.Vy Is eee marcia: 21253 iN \— 
RN.A-protem imeterrelationships, 525=26; domi- 
nant, 484: enzymatic nature of. 110-1); expert. 
mental embryology. 531-36; genetic code, 526, 
527; hormones. genic determination of, 536; 
locahzauion of, in the chromosomes, 493-95; 
mutation, basic nature of, 526-29; nature and 
mode of action, 520-36; role in development, 
529-31; sex-cdifferentiating, £97; sex-linkecd. and 
characters, 198-99; supplementary, 490 

Genetic code. 526, 527 

Genetics, $75: natural selection and, 548-49; pop- 
ulation. 504-05 

Genic effects, multiphcity of, 503-04 

Genic materials, 5 


EOS ee ud, 


Genotype, backcrossing to determine, 486-87; 
phenotype vs., 484-87 

Genus, taxonomic category, 593 

Geological strata, relative ages of. 562-70 


Geological time, eras and periods of. 564, 565 

Gcotropism, 263 

Germ cells, 380: continuity of, 476-80; gametes, 
maturation of, 476-79 


999 


fm foe dem, 


9 » 
ey 


Germination, seed, Dea seed plants, 
231-32 

Gibberellins, 265 

Gill clefts, 280 

Gill shits, 283 

Gills, 326. 358, 654 

Ginkeco biloba, 619, 620 

Gizzarcd, 296 

Gland cells, 35, 285 

Glands, 199, 286: adrenal, 398, 406-08; calci- 
FOTO ISe se Oe OW DCT Seno or aise CELOlsy. od. 
440-41; endocrine, 383, 398-417; gastric, 296, 
298, 299, 303: intercerebral, 417; intestinal, 297. 
298, 310; lymph nodes, 334-35; mucous, 298; 
multiccllufar, 296; parathyroid, 398, 403, 405- 
06; parotid, 300, 301; pineal, 398, 412, 413-14; 
pituitary, 398, 409-13: prostate, 384, 385: pro- 
thoracic, £15: salivary, 298. 300-03; sinus, 417; 
structure of, 286; sublingual, 300, 301; sub- 
nianilhiry, 300. 30)% thamius, 335-37, 398, 414; 
thyroid, 344, 398, 402-05; uniccllular digestive, 
296 

Glindulircells, 235 

Globulin, antihemophilic, 324 

Glomerulus,. 372 

Glottis, 3038 

Glucokinase, 10], 149 

Gincose; 76. 775 79. 80, 88. 12), 170). 417: blood 
levelol; reculation of S21. dehydration syn- 
thesis, 79; hydrolysis. 79; oxidation of, 78; pro- 
toplasniic luel, 77-78; sugar conversion to, 3-10- 
41; synthesis of other carbohydrates from. 78- 
719 

Giscerglegt,. 82-440) 

Glycogen, 76, 80. 137, 150-51, 341. 435-36 

Glvcolvsis. 149 n., 150-51, 435-36 

Glycoproteins, 88 

Glvcosuria, 34] 

Goblet cells, 298 

Gorter, colloid, 404: endemic, 404: exophthalmic. 
405 

Golden-brown algae (sce Algae) 

Golgi bodies, 29 

Gonadotrophins, 410 

Gonads, 380, 383: origin of. 284 

Gonia, 476 

Gordon, A. S., 4]3 

Graahan follicle, 387, 10], 402, 411 

Gracilaria, 60] 

Graltine.2535;.234 

Grana: 28,159, 160 

Granules, 31 

Granulocytes, 322 

Grasshoppers, 655, 658 

Grave's disease, £05 

Gravity as abiotic environment, 584 

Green algae (see Algac) 


Green glands, 319 

Green parenchyma, 243, 250 

Green plants. absorption in, 167-68; constructive 
metabolism in, 169-70; destructive metabolism 
in, 170; distribution in, 168-69; evolution of, 
187; excretion in, 170-71; nutrition of, 158-71; 
respiration in, 170. See also N{ulticellular 
plants 

Griffith, F., 520 

Growth, crystals, 5; mosses, 241; multicellular 
plants, 228-34; organic and inorganic, 5; 
caruses, 8, 11 

Growth and differentiation hormone (GDH), +15 

Growth hormones, 410-11 

Growth movements, 259, 261~—67 

Growth substances, 261, 262-63: characteristics of, 
264-65; importance of, 267 

Guanine, 134, 521 

Guanine triphosphate (GTP), 526 

Guard cells, 242, 249, 250, 251 

Guinea worm, 644 

Gullet. 129, 130 

Gustafson, T., 532 

Gymnospermae, 617-19; life cycle of, 209, 216-28 


H 

Habit, facilitation and, 457-58 

Hamerton., J. L., 507 

Haploid gamete nuclei, 58 

Haploid parthenogenesis, 276 

Haploid phase of hfe cycle, 61-62 

Hipploicdy, 51, 2037 ino Iueler plants, 
208 

Haplomycelium, 21] 

Harthne, Ho Ki427 

Harvey, E. Newton, 442 

Haversian canals, 289 

Hawkins, R., 347 

Heart. 326-29, 664; four-chambered, 
ongin of, 284; three-chambered, 
chambered, 326, 330 

Heat, 66, 185; capacity of water, 72; production, 
muscular, 436-37; of vaporization, 72 

Heavy oxygen, 161 

Hecht- S426 

Heliosphacra, 625 

Hematoxylin, 22 

Heme units, 321 

Hemichordata, 665 

Hemiptera, 658 

Hemociolbitne 80). 1502 149., 159) 2807 313,321; 
carbamino, 365; oxygen dissociation curves, 
365; oxyhcmoglobin vs., 364; reduced, 364 

Hemolymph, 318-19 

Hemophilia, 323499 

Hepatic portal system, 332-33 


205-07. 


331; 


two- 


326, 
331; 
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He paticae, 610 

Heredity, 475-517; ascxual reproduction in rela- 
tion to, 499-501; breeding experiments (sve 
Breeding experiments): chromosome theory of, 
475; genes, nature and mode of action, 520- 
36; genic effects, 503-04; germ cells, continuity 
of, 476-80; inheritance of sex, 495-99; in man, 
504-10; Mendel’s law, 490; metabolism, delects 
of, 505-07; Morgan’s laws, 495; mutations, 510- 
13; transmission of, machinery of, 475; varia- 
tions, genetic vs. environmental, 513-17 

lershese. D328 

Hetciognmetes, 95;..000 

Heterogamy. 57-59 

Hetcrospory, 614 

Heterotransplants, 336 

Heterotrophic nutrition, 182 

Hexose monosaccharides, 79, 80 

High-energy phosphate compounds, 143-44 

High-energy sulfur bond. 154, 155 

Hiruding 325 

Airudinea, 649 

Histology, body tissues, origin and nature, 285- 
90 

Hoagland. M. B., 136 

Hofmann, k., 411 

Holdfasts, 599, 600 

Holophytic nutrition, 167-71, 182, 236; holozoic 
mode contrasted with, 171; significance ol, 
171 

Holothuria atra, 274 

Holothuroidea, 663-64 

Holozoic nutrition, 128-33, 182; absorption, 128, 
130-31; digestion, 128, 129-30; distribution. 
128, 131-32; esestion, 128, 151; excretion, 128, 
133; holophytic mode contrasted with, 17]; 
ingestion, 128-29; metabolism, 128, 132, 133- 
39; respiration, 128, 132-33 

Holter. ie i22 

Homcostiasis, 413 

Homo sapiens, 570, 571, 593 

Homolccithal eggs, 272, 277 

Homologous mate, 51 

Homology, 55-4, 555 

Homospory, 614 

Homotransplants, 336 

Hook, R.. 38 

Hookworms, 645 

Homnones, 137;. 301,307,308; 314, 3760/5377; 383, 
387, 388, 398. 399, 400, 401, S14. 415; anterior 
pituitary, 410-12; corticotrophic, 411-12; genic 
determination of, 536; gonadotrophic, 411; 
growth, 410-11; invertebrate animals, 414-16; 
juvenile, 414. lactition “controlled “by. 402; 
ovarian, estrous cycle and, 400; parathyroid, 
405: pituitary gland, 410-13; plant, 265: in 
protoplasm, 89: thyroetrophic. 405, 411-12 
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Host, effects of parasitism on, 578 

Liovoinkiss: ice 24) 

Ifumiun being (sce Man) 

Huneer, sense of, 426 

ERUUACIZ ee et 

LIC, AS 

Hust He... 137 

Hybrids, 182 

LINGER 0 90,290. SO fee on: Ooty 290, OS2= 0: 
cellnher structure of, 632; nerve net of, 449-56; 
siuccular dievestive system of, 292-95 

Livdravwen, Ob. 141-12; 145; sensitivity of nz 
to, 109 

Hivdrovenctecei tala S 

Livdrogen bonds, 87, 521-22 

Hydrogen cvcle, 18a 

livdroven ions, 73 

[Iyvdhogen peroride, NY 

lIvdrohiuses, TOT, 102-03 

Listirolvsts. 79. 31 ek 158-29 

livdrophytes, 586 

LV GrOCrO psa (0), OH 

TIvdhoxvapitite, 406 

Ilydioxyl ions, 73 

Flydrozoa, 632-33 

Hymenoplera, 658 

Diperely ccm s+) 

IIypertension, 376 

Mite ee. iio 

IisgeecGin le 22 ve 30) 

Mypoglycomin, 341 

L1ypoimsulinism, 408-09 

Iypothatinus, 415 

Hypothesis. m scientific method. fa - 5 

Hypothyroidism, 346, 403-05 


] 

Identical twins, 395, £99, 502, 510 
Heocsecud sphincter, 315 
Deas td 
hnbalance in in ecosystem, 589 
bmpulses, localization of, 464 
labreeding, «dl, 199, 516 
Incipient colonies, 55 
Incomplete hnkage, 491-93 
Incubation period of viruses, 8 
Independent assorunent, breeding experiments, 

487-89; Mendel’s law of, 490 
Litchiecrene<tyes; 7-t 
Indirect calorimetry, 344 
JiplorescCnces$. 2225 4226,-227 
Infundibulum, 109, 410 
Tnvenhouss, f.. 159 
Ingestion, [28-29 
Inguinal canal, 385 
Tneuinal hernia. 383 


Inheritance, biparental, 51, 55: blended, 509; in 
man, 501-10; Mendehan, 1481-84; particulate, 
548: ol sex, 495-99. See also Heredity 

Inhibitors, plant, 265 

Inorganic substances, organic vs., 71; protoplasm 
components, 71-75 

Fnsecta, 655; behavior, 660; insect societies, 658- 
60; orders of, 658 

Pusecctivora, 675 

i secttvorous plants, 26] 

Insemination, 274 

Insertion of skeletil muscles, (31, 432 

liistilin, 341, 375, 408, 417 

litercellular cement, 34 

Pacercellulay matrix, 34 

Postercelitares paces, 22 3 

Intercerebral ghind, 417 

Intermediary metabolism. |141 

Tiitermitotic period, 50 

Intermolecular fit. concept of, 106 

Jnternal fertilization, 381-83 

Internal respiration, 357, 364 

Internodes, 237 

Interpretation, in scientific method, 13 

Interstitial cells, 383, 385 

Intestinal lands, 297,298, 310 

litestimalarices 297-.2 On S14 

Intestine, 296. See also Colon: Small intestine 

hutracellolir structtre. 2 l—22 

Intromitrent organ, 381, 385-86 

invagination, 278 

lodopsin, 424 

Jon carrier molecules, 123 

Tonic transport mechanisms, 123-24 

lons,, 73 -chvdrocens 73 dio. 73; Imo1reanic, 
in protoplasm, 74-75; sensitivity of enzymes 
to, 109 

Irish moss, 601 

Islands of Langerhans, 408 

Isogametes, 58, 61, 596 

Tsogamy, 57-59 

Tsolation, 545 

Tsoleucime, 135 

fyoptera, 658 

tsotonic solutions, 118 

Isotopes, atomic, 65 n.: metabolic tracers, 141-42; 
radivactive, 255 


ais execnetiyc, 28 
[tye mien 5 71 
Jeyunum, 314 

Jclly fishes, 633 
JOUTSOn ar sieht 
Jurassic period, 563, 565 
Juvenile hormone, 414 


Kalaazar. 627 

Kalckar, H., 507 

kamen, M., 164 

Karyotype, 508 

Katz be 27 

kKeilin, D., 146 

Kelps (see Algae, brown) 

Kennedy, D., 427 

Kidney, 369; evolution of the vertebrate, 376- 
77; filtration, 373-74; nephrons, 372-73; origin 
of, 284; reabsorption, 374-76; renal impair- 
ments, 376; secretion, 376; structure and func- 
tions of, 372-78; tubufe, 371; urine, formation 
of, 373 

Kinetin, 265 

Kinetochore, 41, 46 

King, £2, 53] 

hitching, J. m@.. 123 

Klinefeiter syndrome, 507, 508 

Koch, R., 8 

Kormbers;sne. 523,924 

Krebs. Fy 153 

Krebs cycle, 148, 153-55 

Kupffer cetls, 343 


ie 

Labyrinth, organ of equilibrium, 424-25 

Labyrinthodonta, 671 

Labyrinthula, 574 

Lactase, 103, 314 

Lactation, hormone controf of, 402 

Lacteals, 340 

bactheaca: 100; 177 

Lactic dehydrogenase, 100, 101, 108 

Lactone compounds, unsaturated, 265 

Lactose, 79 

Lamarck, P., 549-50 

Lamarckism, 549-50 

Lameliae, 159 

Lampbrush chromosomes, 25 

Lamp-shell animals, 643-44, 645 

Land environment. plants and, 238-39 

Language, man and, 470 

Large intestine (see Colon) 

Larvae, 381, 556 

Larynx 7,.000,999 

Lavoisier, A., 13 

Learning, facilitation and, 457-58 

Leaves, 237, 238; economic importance of, 257; 
elevation of sap, 252-53; flow of sap, transpira- 
tion and, 251-52; functions of, 249-53; seed 
plants, 232; structure of, 249-50; transpiration, 
250-52 

Lecithin, 82-83 

Leeches, 647, 648, 649 
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Leeuwenhoek, A., 38 

Re eiiaityho ye! 06 

Lepidoptera, 658 

Lerner, A. B., 412, 413 

Leucocytes, 289-90, 321-23 

Levan, A., 507 

Lewis, W. H., 30, 48 

LAGeCSOT OTS 

Lichens, 179, 607-09 

Life. ‘activities -ol,.3—5; code of; 135; contimurty 
of, 15; existence clsewhere, 187; origin of, 186—- 
87; perpetuation of, solar energy and, 185-86; 
physical basis of, 6; protoplasm and, 5-7; vari- 
ants of, 3 

Lile cycles, angiosperms, 209, 216-28; bacteria, 
208; bryophytes, 208; cyanophytes, 208; fern 
(Filiceneae), 203-05, 209, 214; gymnosperms. 209, 
216-28; haploid and diploid phases of, 60-62; 
miularia parasites, 579; mosses, 208, 212~14, 215; 
pork tapeworm, 640; schizomycophytes, 208; 
seed plants, 209, 216-28: Selaginella, 214-16; 
thallophytes, highcr, 208, 209-12 

Ligaments, 289 

Light, 66, 185; as abiotic environment, 583-84; 
luminescent organs, 442-43; receptors of, 421- 
24; responses to, 265-67 

Light microscope. 20, 21, 23, 24 

Light reactions, 160 

Limpets, 653 

Linear order, 495 

Linkage (dependent assortment), 490-91, 492; in- 
compiete, 491-93 

Linnaeus, Gr 092 

Dipuses. 012 1035, 306; 312 

Lipids, 76, 80-83; as food substances, 127; liver 
action on, 343; phospholipids, 82-83; steroids, 
82-83; true fats, 81-82 

Lipmains Fe 44153 

Lipoproteins, 88 

Lips, 228 

Liquids, 67 

Liver, 283, 296, 297, 310, 311, 312-13; action on 
fats, 343; duodenum and, relationship, 311; 
functions of, 340-43 

Liverworts, 610: nutrition of, 239-40 

Lobe-finned fishes, 670, 671 

Lobsters, 655; hemolymph circulation of, 318-19 

Loop-ol Henle, 372,573 

Lophophore, 644 

Luciferase, 442 

Luciferin, 442-43 

Lumber, as plant product, 257 

Luminescent organs, 431, 442-43 

Lumirhodopsin, 423 

Lung fishes, 669-70 

Lungs, 283, 358-61; breathing movements, 36]- 
62; intake and output of, vofume. 362 
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luteotrophin, 411 

Tycopodiium, 613 

Lycopsida, 612-14 

Lymph, 18.200, 319, 333-37,-369:; antibody pro- 
duction. 335-37; blood and tissue cells, relation- 
ship between, 329-30; circulation of, 334; com- 
posruon of, 333; edema, 335: flow of, 33-4; nodcs 
(glands). 334-35; spleen, 335 

LySiite. ole 

lysosomes, 28 


M 

MeGrrtye Wiech et) 

NieEInGy Woes 22 

NiHGICOd GC le -oL0) 

Macrocystis, 238 

Macrogametes, 59, 6] 

Miycresonityeiis nt 

Macrospores, 614 

Macrosporophy lls, 218 

Magnesium. 159 

Mahenant tumors, 48 

Maltuse, 103, 174, 301, 314 

Maltose, 79, 301 

Mammals. 667, 673-76; Eutheria. 674-76; Aeta- 
therta, 673-74: placental, 674-76; primitive, 
568, 569; Prototheria, 673 

Man, 676; behavior of, 469-70; blood. components 
of, 321: blood types in, 325; chromosomes in, 
507-08; cranial nerves of, 462: digestive system 
In, 296-316: embryo of. 392. 393, 558: endocrine 
glands, 398-417; female reproductive organs. 
386-88; lossil record, 569-70, 571; genital 
organs of male, 384; genital tract of female. 
387; heredity mn. 504-10; heritable traits in. 
503; infectious discases of, 580; kidney of. struc- 
tire, 372-787 language and, 470; leucocytes: tn, 
322; male reproductive tract, 383-86; multipli- 
cation of, 50: nervous system of, 458-67; ovary 
and its functions, 386-88; prehistoric, facial 
restorations of, 571: respiratory system in, 359; 
skeletal muscles of, 431-39; urmary system of, 
drigram, 370 

Marchantia, 239, 240 

Nivgslialt Boies [ieao76 

Niuarstand, D. A... 48, 123 

Marsupials, 673-74 

Nitin Jor. bot 

Mass movements, I] 4 

Lass spectrometer. [42 

Masticophora, 625, 626-27 

blather | Th s6 

Mitrix. intercellular. 34 

Matter, atomic structure, 69-71; chemical com- 
binations vs. mixing. 69; chemical reactions 
My TELM O iN tio. CONSE VALION “Ol. 91/0, ce nere’, 


and, 66-71; molecular composition of, 67; mole- 
cules vs. atoms, 67-68; substances vs. mixtures, 
68-69 

Maturation of gametes, 476-79 

NMiazia. D.. 46, 47 

Mechanical cnergy, 66, 185 

Medulla, 367, 406; adrenal. 406-07 

Medullary ray, 243 

Meiosis, 10, 51-55, 210, 211, 214, 606: divisions. 
57. 59, G0: frce assortment of chromosomes dur- 
ing, 179-80; significance of, 55 

Melanocyte-stimulating hormone 
413 

Melanophores, 444-45 

Melatonin, 412. 413 

Membranes, boundary, 113; cell. molecular stric- 
ture of, 117; embryonic, 389-90; extraneous 
(nonprotoplasmic), 33-34; facilitation and. 
457-58: lerulization, 272, 274: intrinsic, 16, 31- 
oo; nuclear, 1, 31 plasma see Plasma: meni- 
brane). semipermeable, 113; vacuolar, 31, 
vitelline, 274 

Mendel, G.. 480, 481, 483-84; law of, 490 

Mendelian inheritance, 48]-84 

Menstrual cycle. 401-09 

Menstruation, 40] 

NLHstcMm ces 

Neristem tissue, 242, 261, 262 

Neseniery. "51 

NFesoderm, 278-80, 284, 294 

Niesonlen 202 

Mesonephros, 284 

Mesophytes, 586 

Mesozoic era, 563, 565, 569 

Messenecrdn INA. 525 

Metabolic enzymes, 101-02 

Metabolic processes. alcoholic fermentation. 15]- 
52; amination, 152-53: carboxylation, 152; cyto- 
chromes in, 146-49; deamination. 152-53; de- 
carboxylation. 152; elycogen synthesis and 
elycolysis, 150-51; Krebs cycle, 148, 153-55; 
phosphorylation, [49-50 

Metbolie= (excretory) avastes,, 132. 193 

Metabolism, 6, 95-96, 100, 101, 112, 128; anaer- 
obic. ol yeast, 175; basalrate, 344, 403; in bread 


(MSH), 412. 


mold, 176; cellular. 138, 141-56; constructive. 
133-37, 169-70. 254: destructive. 137-38, 170, 


254-55, 343-45; diet and. 343-54; dynamic 
equilibrium, 133-39; energy transformations 1 
the cell, 143-49; excitation. 193; heritable de- 
fects of. 505-07; holozoic nutrition, 128, 132; 
intermediary, I41; isotope methods, 141-42; 
liver functions of, 340-43: nucleus in construc- 
tive, 35; oxidative, 132n.. J44-45, 149 n:.: 
plants, multicellular, 253-55; recovery, 193; 
Sperin,.900; tests, 344 
Netakinesis, 46 


Metamerisni, 647 

Metamorphosis, 414, 415, 416, 56] 

Metanephros. 284 

AMIctaphase, in mitosis, 44-46 

Nletatasis, 48 

Metatheria, 673 

Metazoa, gastric vacuoles of primitive, 291-92 

Methane, organic compound, 77 

Michaclis, L.. 101-05 

Microdissection, 32, 34 

Microgametes, 59, 6] 

Microinjection experiments, 31, 32 

Micromanipulator, 32 

Microscopes (see Electron 
microscope) 

Microsporangia, 214, 217-18. 219 

Miicrospores, 214-218, 219; 614 

Midget, pituitary, 410 

Muescher, F., 520 

Mildews, 173. 604 

Nibley |.oP. at Pi 23355557 

Miller. S.. 186 

Millipedes, 655, 656 

Mimosa pudica, 259-60 

NEES A oe 20) 02 1 

Miutchison, M., 48 

Mitochondria, 7, 23, 28, 147 

Mitosis, 40, 41-49, 205. 207, 21], 22], 276; ana- 
phase, 42-46; metakinesis, 44-46; metaphase, 
44-46; primitive forms of. 49; problems, 47-49: 
prophase, 41-44, 45; significance of, 49-50; 
telophase, 42, 43, 45, 46-47 

Mitotic apparatus, 31, 41, 44 

Mitotic centers, 4] 

Mixing, chemical combinations vs., 69 

Mixotrophic nutrition, 178, 182 

Mixtures, substances vs., 68-69 

Nfolds,. 17,36, 37, 173:- bread, 175-76, 210; 271; 
economic importance of, 176; slime, 17, 36, 37, 
602-04 

Molecular energy, 66 

Molecular polarity, 92 

Molecules, atoms vs., 67-68; colloidal, 117; com- 
position of matter, 67; high-energy phosphate, 
143; ion carrier, 123; size of, 117 

Mollusca, 649-54; characteristics of, 649-53; classes 
of, 653-54; phylogenetic relationships, 653 

Molting, 417 

Mongolism, 507-08 

Monocotyledoneae, 62) 

Monosaccharides, 79, 80 

Monotreimata, 673 

Morgan's laws, 495 

Morphogenesis. determination, 533-34; embryonic 
organizers, 534-36; problems of, 532-36 

Morphology, 14 

Mosaic disease, 8 


microscope; Light 
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Moscona, A. A., 532, 533 

Moss, 610-11; club. 613; Trish, 601; life cycle of. 
908, 212-14, 215; nutrition of, 240-11; reindeer, 
607, 610 

Motor tract, main. central nervous system, 464-65 

Mountain sickness, 363 

Mouth, 283, 292, 29-1 

Movements, amoeboid, 94, 196-98; breathing, 
361-62; Browninn, 92; ciliary, 195-96; colonic. 
315-16; euglenoid, 596; growth, 259, 261-67; 
kinetic,“ 112 muss, 3% pendular, abt; peri: 
stiltic, 314,915; sleep: 261, 262; sinall intestine, 
S145 themnak.92; 112; tursor.299-61;. 262 

MSH (see Melanocyte-stimulating hormone) 

Mucoproteins, 34 

AMIucor, 174 

Mucosa, 285, 298, 299, 303 

Mucous glands, unicellular, 298 

Multicellular animals, -Arinelida, 647-49; Arthro- 
poda, 654-60; asexual multiplication in, 393- 
96; Brachiopoda, 643-44, 645; Bryozoa, 642-43, 
644; Chordata, 664-76; Coelenterata, 630-34; 
Ctenophora, 634-35; digestive system in, 291- 
96; Echinodermata, 660-64; excrctory process 
in. 369-71; homeothermic, 582; hormones of. 
414-16; Afollusca, 649-54; Nemathelminthes 
(nematodes), 644-47; Nemertinea, 64]; nervous 
system, 447-70; neurons in vertebrate, 453- 
55; nutrition, mode of, 126-28; Platyhelminthes, 
635-41; Portfera, 629-30; reproduction in. 380- 
96; responses of, 431-45; Rotifera, 641-42, 643; 
vertebrate (see Vertebrata) 

NJulticellular glands, 296 

Multicellular plants, adaptation to land environ- 
ment, 609-10: embryos of, protection of. 610; 
excretion, 256; growth and development in. 
228-34; haploidy and diploidy in, 205-07; in- 
sectivorous, 261; land and environment, 238—- 
39; life cycles in various, 203-05, 207-28; me- 
tabolism in, 253-55; nutrition of, 126-28, 236— 
57; organic substances in, distribution of, 253; 
products of, economic importance of, 257; re- 
production in, 203-34; respiration in, 255-56; 
responses of, 259-67; seed plants (see Seed 
plants); storage problem among, 257; vascular 
(see Vascular plants) 

Multiplication of organisms, 538-41 

Alusci, 610 

Muscle tissue, 286-87 

Muscles, 431; cardiac, 286, 287, 429-40; skeletal, 
17, 286, 287, 431-39, 460; visceral, 286, 287, 
328, 439-40 

Muscularis, 298 

Nusculature, origin of, 283 

Mushrooms, 173, €06, 608 

Mussels, 653 


Mutation, 510-13, 542, 543, 552: chromosomal, 
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hithn frequencies, 512—-13;- nature of, basic, 
526-29; point, 510 n. 

Nace lim 175;-175,-602, 608 

Myelin, 288 

Noonubrils,28,.00.2380 

Myxomycophytes (slime molds), 602-04 

Myonemes, 195, 196 

Myosin, 430, 439 

Myxamoebae, 603 

Myxecdema, 40+ 


N 

Nachmansohn, D.. 193 

Nannochloris, 589 

Nasalpassares,297,..298 

Natural habitat, 573 

Natural selection, 429, 541-43; genetics and, 
548-49 

Nautiluses, 649, 652, 653 

Neanderthal man, 571 

Nectar elandsy 24 

Nemaihelminthes (nematodes), 644-47 

Nemertinea, 641, 642 

Nephric filtrate, nature of, 373-74; plasma and 
urine compared to. 374 

Neporicia,.<o71 

Nephmitiss 370 

Nephrons, 372-73 

Nephrostome, 371 

Nerve cells (sce Neurons) 

Nerve cord, origin of, 28]-82 

Nerve endings, £53 

Nerve impulses, 447-48 

Nerve net of Hydra, 449-50 

Nerve tissues, 287-88 

Nerves, 288; autonomic, 465-67; cranial, 46], 
462; craniospinal, 460; excitability in fibers of, 
448-49; purasympatheuc., 465-67; spinal. 460- 
61; sympathetic, 305, 465-67; vagus, 305 

Nervous system, 447-70; autonomic, 305. 465, 
466, £67: behavior. 467-70; central (see Central 
nervous system): central vs. peripheral parts of, 
451-52; of earthworm. 451-53; excitability in 
nerve fibers, 448-49; man and other vertebrates, 
458-67; nerve cell bodies and dendrites, func- 
tions of, 455-58; nerve impulses, 447-48; nerve 
net of Hydra, 449-50; neurons of vertebrates. 
453-55; parasympathetic, 466, £67: sympathetic, 
407: visceral reflexes, 465-67 

Neural tubes 281 

Neurofibrils, 30 

Neurons. 19. 2], 287, 288: ampociation, 452, 159. 
460. 462; motor, 462: pacemaker, 456: postgan- 
glionic, 466; preganglionic, 466; sensory, 16], 
462; of vertebrates, 53-55 

Neurosecretion, 4]4. 454-55 
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Neutral parasites, 179-80 

Neutral redadyea20 

Neutral solutions, 73-74 

Neutrons, 70n: 

Niacin, 10+, 146, 348, 352 

Night blindness, 348. 350 

Nitelia, 168, 198, 237-38 

INTiTIG: bacterin: AS2, 185 

Nitrobacter, 182 

Nitrogen, 65, 75; free, 177: inorganic, return to 

soil and air, 177 

Nitrogen cycle, 183-85 

Nitrogen-fixing bacteria. 180-81, 185 

Nitrogenous waste, 138 

Nitrosomonas, 182 

Nodes, 237; lymph, 334-35 

Nonelectrolytes, 73 

Nonessential amino acids, 136 

Noradrenalin. 4]4 

Notochord, 28], 664: origin of, 281-82 

Nuclear membrane, 16. 3] 

Nucleic acicls, 10) m..-86; 90, 137 
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Nucleoplasm, 74 

Nucleoproteins, 10, 88-89 

Nucleotides, 88, 89 

Nucleus. 7. 16, 17, 18, 22-23, 598: responsibilities 
of, functional, 34-35; zygote, 57 

Numen bere Nn A\ iG 

Nutrition, +5, 126; absorption, 128, 130-3); 
algae, multicellular, 236-38; animal cells, 126- 
39; autotrophic. 182; in bread mold, 175-76; 





bryophytes, 239-42; chemotrophic, 181-82; 
conservation of food clements, 173-87; diges- 
tion. 128. 129-30. disivibution. 1282 131-32: 


egestion, 128, 131; embryo, 388-93; excretion, 
128, 135; excretion in plants, 256; green plant 
ces. 158-71; heterotrophic. 182; holophytic 
(see Holophytic nutrition); holozoic (see Holo- 
zoic nutridion); ingestion, 128-29; liverworts, 
239-40; metabolism, 128, 132, 133-39; mixo- 
trophic, 178, 182; modes of, 126-28, 182; mosses, 
-10-41; organic substances in plants. clistribu- 
tion of, 253; parasitic, 178-81, 182; plants. 
multicellular, 236-57; respiration, 128, 132-33; 
respiration in plants, 255-56; saprophytic, 174— 
79; 182) sporaphyte eenerition, ascendance of, 
242; storage problem in plants, 257; of sulfur 
bacteria, 181: vascular plants, organs and tissues 
of, 242-53; of yeasts, 174-75 


O 
Obelia, 395, 632-33 
Observation, in scientific method, ]2-]3 
Qclioay S101 526 


Octane, organic compound, 77 

Octopuses, 649, 651, 652, 653 

Odonata. 658 

Oedogonium, 209, 210 

Offense, mechanisms of, 575-76 

Oil-in-water emulsion, 93, 94 

Oils, 81 

Oligochaeta, 649 

One gene, one enzyme concept, 529-31 

Onychophora, 656, 657 

Oogenesis, 477-79 

Oparin, A. [.. 186 

Ophiuroidea, 664 

Opsin, 423 

Opuc nerve, 422, 424 

Oral cavity, 296, 298-303 

Oral groove, 129, 130 

Oral pit, 283 

Order, taxonomic category, 593 

Ordovician period, 563, 565, 566 

Orgunelles, cytoplasmic, 28-29 

Organic acids, 82 

Organic substances, carbohydrates, 76-80; dis- 
tribution in plants, 253; inorganic vs., 71; kinds 
of, 76-89; lipids, 76, 80-83; proteins, 70. 83-89; 
in protoplasm, 89; protoplasm components, 76- 
90; simple compounds, 77 

Organisms, autotrophic, 587; biochemical rela- 
tionships among, 557-59; cell and, 35-38; en- 
vVironinent and, 573: first, nature of the, 187; 
flood substances, sourees and uses in, 127; main 
groups of, history of, 563; mosaic, 512; multi- 
cellular, 36-37: multiplication of, 538-41; 
poikilothermic, 582: reproduction in simpler, 
55-60; saprophytic. 174 

Organizers, embryonic, 534-36 

Oroans: S/;9el galttachnienty 256, su06, 241; of 
bryophytes, 241-42; electric, 431, 441-42; geni- 
tal, of human female, 387; genital, of human 
male, 384; luminescent, 442-43; nutritional, 
609; sense, 419-26; systenis, 37; vestigial, evolu- 
tion and, 554-56. See also under name of organ 

Oriental sore, 627 

Origin of Life, The (Oparin), 186 

Origin, of musculature, 283; of skeletal muscles, 
431, 432; of species (sce Origin of species) 

Origin of species, 538-50; environment, veological 
changes in, 545, 546; extinction ol species, 545—- 
48; multiplication of organisms, 538-41; natural 
selection, 541-43; stability ol species, 544-45 

Ornithine, 342 

Orthoptera, 658 

Oscillatoria, 49 

Oscilloscope, 457 

Osculum, 292 

Osmosis, 115-16, 118-21; water equilibrium in 
the cell, 118 
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Osmotic energy. 185 

Osmotic systen, 113, 115 

Osteichthyes, 667, 669-70 

Osteoblasts, 289, 406 

Ostia. 318, 386, 387 

Ostracodermi, 668 

Ovaries, 52, 380, 383, 386, 387, 398; endocrine 
organ, 400-02; liormones and estrous cycle, 400; 
human, functions ol, 386-88 

Overdosage cxpcriments, endocrine glands, 399, 
403-01, 410 

Oviducts, 381, 383, 388 

Ovulhition, 386, 387, 400. 401 

Onvmes, 2), 22 

Ovuin (see Egg cell) 

Oxalouacetic acid, 153 

Oxidases, 10] 

Oxidation, ]44; biological, 144-45; of glucose, 
78; hypotheses, 14; principle, 14; -reduction 
reaction, 145 

Oxidative metabolism, 132 n., 144-45, 149 n. 

Oxidative phosphorylation, 145, 149 n. 

Oxygen, 65, 75, 145; -carrying capacity of blood, 
363-64; food substance, 127. See also Free 
oxygen: Heavy oxygen 

Oxygen debt, 436 

Oxyhemoglobin, hemoglobin vs., 364 

Ox; tocny, 12 

Oysters, 0495652, 653 


P 

Pacemaker potential, 456 

Pain receptors, 420 

Painter, T. S., 507 

Palate, 297, 298 

Paleontology, 561, 592; fossil record, 559-70 

Paleozoic era, 563, 56+, 565, 566-67 

Piulmitic acid, 82 

Pancreas, 283, 296, 297, 310, 311, 398; duodenum 
and, relationship, 311; endocrine function of, 
408-09 

Pancreatic amylases, 103 

Pancreitic juice, 296, 310, 311-12, 408; flow of, 314 

Puncreatic lipase, 103 

Pandorina, 59. 61 

Pantothenic acid, 353 

Paper chromatography, 164 

Paralysis, 461 

Paramecium, .30, 119, 129, 130, 357, 627-28 

Paramylum, 596 

Parascorbic acid, 265 

Parasites, effect of parasitism on, 577~78; malaria, 
hfe cycle of, 579; neutral, 179-80; nutritions, 
178-81, 182 

Parasitisin, 575, 576-81; effects on the host, 578; 
effects on the parasite, 577-78 
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Parathyroid glands, 398, 403, 405-06 

Parotid glands, 300, 30] 

Parthenogenesis, 276-77 

Parthenogonidia, 276 

Passive transport mechanism, 113-21; active vs., 
112-13; diffusion, 113-15; hypertonic solutions, 
120-21; hypotonic solutions, 118-20; isotonic 
solutions, 118; osmosis, 115-16, 118-21; perme- 
ability of the plasma membrane, 116-17 

Pasteur; L., $, 186 

Pavlov Pees). 307. 469 

Pediculus vestimenti, 578 

Pclecy poda, 653 

Pellieras 352 

Pellicle, 33 

Pendular movements, 314 

Penicillin, 176, 604, 606 

Penis, 381, 384, 385 

Pentane, organic compound, 77 

Pepsin, 102, 104, 109, 130, 306 

Peptidases, 314 

Pepude bond, 85, 86, 87 

Peptide chain, 85, 86 

Peptides, 306 

Pericardial cavity, 318 

Pericardium. 285 

Pericycle, 230. 245, 246 

Peripatus, 654, 655, 656 

Peripheral nervous system, 451-52 

Peritoneum, 285 

Permanent colony, 56 

Permian period, 563, 565 

Peroxidase, 106 

Peroxide reaction, 99 

Petroleum, 598 

PGA (see Phosphoglyceric acid) 

Phaeophytes (brown algue), 599-600 

Phagoeytosis, 30; 121—22.. 197,322 

Pharyngeal pouch, 294 

Pitt Vihear oe.) 2975: -309 

Phase reversal, 93-94 

Phenol] red dye, 31 

Phenotype, genotype vs., 484-87 

Phenylalmine, 135, 136, 306.312 

Phenylketonuria, 505, 506, 529 

Phloem, 243, 247, 248, 250, 609, 671 

Phlogiston hypothesis, 13 

Phosphate bonds, high-encrgy. 143 

Phosphate compounds. high-energy, 143-44 

Phosphate molecules, high-energy, 143 

Phosphoglyceric acid (P?G.\), 165, 166 

Phospholipids, 82-83, 137 

Phosphorolysis, 152 

Phosphorylation, 149-50 

Photochemical decomposition, 162 

Photochemical reactions, 161; reversible, 266 

Photochemistry, 16] 


Photolysis, 161; of water, 162 

Photons, 16] 

Photoperiodicity, 584 

Photoperiodism, 265-67 

Photophosphorylation, 162, 163 

Photoreceptors, 195, 421, 423 

Photosynthesis, 28, 78, 158, 238, 243; mechanism 
of, 158-67 

Phototropism, 263 

pH scale, 74 

Phycocyanin, 159, 595 

Phycoerythrin, 159, 600 

Phycomycetes (algaelike fungi), 604 

Phyhun, taxonimic category. 593 

Physical structure of protoplasm, 90-95; adsorp- 
tion, 93; coarse dimension, 91-92; colloidal 
dimension, 91-92; crystaulloidal dimension, 91- 
92; clispersions, diphasic and multiphasic, 93; 
emulsifying agents, 93; emulsions, 93; gelation, 
94-95; molecular polarity. 92; particles, size and 
mobility of, 92: phase reversil, 93-94; proto- 
plasmic surfaces. 95; solution, 94-95; solutions, 
92; suspensions, 93 

Physiology, 14 

Phytochrome, 266-67 

Phytohormones, 262-63, 265 

Phxtol, 159 

Phytoplankton, 589 

Pigment granules, 30 

Pigmentary effectors, 431, 443-45 

Pineal gland, 398, 412, 413-14 

Pinocvtosis, 30, 121-22 

Pith, 243, 247, 248 

Pithecanthropus, 571 

Pituitary giant, £10 

Pituitary gland, 398, 409-13; deficiency and over- 
dosage experiments, 410; hormones of the an- 
terior lobe, 410-12; hormones of the posterior 
lobe, 412; secretion of, control of, 412-13 

Placenta, 390-93, 413 

Placental mannnals, 674-76 

Placentates, 393 

Planavin, 25,- 296, 318. 370. 635. 637; 
divestive systems of; 292-95 

Planetary electrons, 70 

Plankton, 589 

Plant hormones, 265 

Plant inhibitors, 265 

Plant kingdom, 592-621; animal kingdom and. 
592-94; Embryophyta, 609-21; outline of, 594; 
taxonomic categories, 593-94; Thallophyta, 
594-609 

Plants (see Green plants; Multicellular plants: 
Plant kingdom; Seed plants: Vascular plants) 

Plasma, 289, 320, 374: nephric filtrate conspared 
to, 374 

Plasinacells; 337 


saccular 


Plasma membrane, 16, 31-33, 112; capacity of 
various substances to penctrate, 116; passive 
permeability of, 116-17 

Plasmagel, 197 

Plasmodium, 602 

Plastids, 28 

Platelets, 289, 321, 323 

Platyhelminthes (flatworms), 635-41; Cestoidea. 
639-41; characteristics of, 636-37; classes of. 
637-41; phylogeny of, 641; Trematoda, 637-39; 
Turbellaria, 637 

Pleistocene epoch, 559, 570 

Pleura, 285, 359, 360 

Pleural cavity, 360 

Plumules, 223 

Pneumatophores, 586, 587 

Polari@dies, 27 22 (25-277. 47.0 

Polarity, molecular, 92 

Pole cells, 279 

Pollen tube, 22] 

Pollination, 221 

Polychaeta, 649 

Polyembryony, 395, 499 

Polymolecular energy, 66 

Polyneuritis, 351] 

Polypeptides, 412 

Polypodium scouleri, 204 

Polysaccharides, 80 

Polytrichum, 212 

Population, animal, food supply and, 574-75; 
genetics, 504-05; increases in, limits of, 539-41 

Pore cells, 240 

Pores, 240, 249, 292, 370 

Porifera, 291-92, 629-30 

Porphyra, 601 

Porter, K., 196, 533 

Portuguese man-of-war, 630 

Posterior lobe, pituitary gland, 409, 410; hormones 
of, 412 

“Potassium jump.” 123 

Potential energy, 66, 7] 

Potentials, action, 190, 191, 92-93, 260, 428, 
429, 448; bioelectric, 190, 191-92; generator, 428, 
429, 456: pacemaker, 456: resting, 191, 192-93 

Predatism, 575-76 

Prediction, in scientific method, 13 

Pregnancy, progesterone as factor in, 402; test of, 
413 

Pressure as abiotic environment, 584-85 

Priestley, [32199 

Primary germ layers, 278; contributions of, 284 

Primary spermatocyte, 52, 53 

Primates, 676 

Primitive vascular tissue, 240, 24] 

Principles, cell, 16, 38-39; in scientific method, 
14-15 

Proboscidea, 676 
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Proboscis worms, 641 

Producers, 587, 588, 589 

Progesterone, 388, 400, 401; factor in pregnancy, 
402 

Pronephros, 284 

Propane, organic compound, 77 

Prophase, in mitosis, 41-44, 45 

Proprioceptors, 420, 425, 460 

Prostate glunds, 384, 385 

Prosthetic group. 104 

Proteases, 101, 102-03, 130, 306 

Protein synthesis, 133-35, 137-39; in green plants, 
169; mechanisms of, 134 

Proteins, 6, 10 n., 76, 83-89, 320; amino acids, 
84-85; in common foods, character of, 347; 
conjugated, 88-89, 104; DNA, 16, 22, 23, 35. 47. 
83, 88, 110, 134-35; food substance, 127; mole- 
cules, 3-dimensional configuration of, 87-88: 
peptide bonding in relation to, 85; RNA, 22. 
23 2010, 03,00; 110, 134-352 simple ws..con: 
jugated, 88-89; specificity of, 85-87 

Protenor, 498 

Proterozoic era, 563, 564, 565, 566 

Prothallia, 204, 207 

Prothrombase, 323, 353; synthesis of, 343 

Protococcus, 168 

Protonema, 214 

Protoneurons, 450 

Protons, 69 

Protoplasm, 6-7; adrenalin in, 89; Brownian 
movement in, 92; carbohydrates in, 76-80, 89; 
cell and, 16-35; cellular structure of, 6-7; chem- 
ical composition of (see Chemical composition 
of protoplasm); chemical structure of, 6; col- 
loidal size range of, 91-92; composition of, 
average, 89; constituents in, elementary, 65-66; 
crystalloidal range of, 91-92; energy transmit- 
ters in, 89; gases in, 75; hormones in, 89: inor- 
ganic components of, 71-75; ions in, main or- 
ganic, 74-75; life and, 5-7; lipids in, 76, 80-83, 
89; liquid system, 19; molecular pattern of, 64: 
organic components of, 76-90; organic wastes 
in, 89; physical structure of (see Physical struc- 
ture of protoplasm); proteins in, 76, 83-89; 
shrinking of, 33; vitamins in, 89; water in, 72- 
75, 89 

Protoplasmic surfaces, 95 

Prototheria, 673 

Protozoa, 49, 55, 119, 122, 195-96, 29], 369, 
625-28; Ciliophora, 625, 627-28; Mastigophora, 
625, 626-27; nutrition of, 128-33; Sarcodina, 
625-26; Sporozoa, 625, 628 

Protozoology, 14 

Provitamin, 350, 353 

Psalliota campestris, 606, 607 

Pseudopodia, 128, 129, 196 

Psilopsida, 611-12 
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Psychology, 14, 467 

Pterodactyls, 67] 

Pteropsida, 615-21 

Pterosuurs, 568 

Ptyalin, 109, 30] 

Puberty, 388. 400 

Pucca graminis (sce Wheat rust) 
Puffballs, 173, 606, 607 

Pulvinus, 260 

Punnett Square, 483, 488 

Purines, 89, 137. 353 

Putrefaction., saprophytic bacteria and, 177 
Pyramidal tract, 464-65 
Pyridioxime, 348, 352 

Pyrimidine bases, 137 
Pyrimidines, 89 

Pyrrophytes (flame fungi). 598-99 
Pyne acidl apa 

Pyruvic transaminase, 102 


Q 
Quaternary period, 559, 563, 565, 569 
Quillworts, 613 


R 

Rabinowitch, E. J.. 16] 

Radiant energy, 66, 161 

Riaciowetive carbon, 161, 164, 15 

Radioactive isotopes, 35.47. 255 

Radioautograph, 255 

Radiolaria, 625 

Rasmussen, H., 405 

Rayllowers co c227 

Reabsorption, 374-76 

Reaction foci, 95 

Reactions. amination 153; anaerobic 436: 
160, 163-64; deanmmnation, 158: 
152: decomposition, 78; endothermic, 78: 
enotiermice 76; 107) hydrolytic, 13h=30% Wight, 
160: metabolic, of animal cells, 133-39; oxidir- 
tion-reduction, 145: peroxide. 99; photochem- 
ical, Jo1,-266; sympathenc, 78 

Recapitulation, theory of, 557 

Reception, mechanisms of, basic, 427-29 

Receptor pigment, 266 

Receptors, 194, 195, 419-29; cutineous, 419-20; 
equilibrium, 424-25; hight, 421-24; mechanism 
ol reception and transmisston. 427-29; pain. 
420; sensations, perception ol, 426-27; sense 
organs, 419-26; smell, 420-21; visceral, 426 

Recombinations, 513 

Recovery metabolism, 193 

Rectum, 31}, 315, 387 

Red algae (seer Aleac) 


decarboxvlation, 


Chik: 


Red corpuscles, 20, 289-90, 320-21 

Red, F.. 186 

Reduction, 144 

Reed, 8 

Reflex arc, 452-53; synapses and other relay 
points in, 453-54 

Reflexes, breathing, 367: conditioned, 458. 460, 
468-69; 315: sulivation, 301-03; 
somatic, (60; supraseemental, 462: unconds- 
tioned, 468; visceral. 465-67 

Refractory period, 193 

Reeeneration, 396 

Reindeer moss, 607, 610 

Relaxin, 415 

Renal impairments, 376 

Rennin, 306 

Reproduction, +, 5: asexual, 55-47, 203, 393-96, 
499-501; cell division in relation to, 40-62; 
female reproductive organs of man, 386-88; 
fertilization, external vs. internal, 381-83, 388; 
male reproductive tract of man. 383-86; in 
multicellular animals, 380-96; in multicellular 
plants, 203-34; nutrition of the embryo, 388- 
93; organs of, 380-81; sexual, 57-60, 203: in 
simpler organisms. 55-60; vegetative methods 
Ol S234 -ol wiLwsest oo) 

Reproductive tract of man. female, 386-88; male. 
383-86 

Reptiles. 566, 567, 568, 667, 671-72 

Respiration, 128. 132-33, 357-68; asphyxia, 
366-67; breathing, control of, 367-68; carbon 
dionide-carrying capacity of blood, 364-66; 
CNternal, 997-05; > 1nternal, 39/7. 304- oNyecn- 
carrying capacity of blood. 363-64; in plants. 
170, 255-56; stem. 241 

Responses, of higher animals, 419-29, 431-45; 
discontinuous, 467: discontinuous vs. continu- 
ous, 189; growth movements, 259, 261-67; locul- 
ization of. 457; of multicellular organisms, 200; 
of mulucellular plants, 259-67: nervous system 
of higher anmnals, 447-70; turgor movenients, 
259-61 

Responsive mechanisms in one-cell organisms, 
19 i-98 

Kesponsieness. 4; m single cells. 189-200 

Resting potential. 191, 192-93 

Retinene, 423 

Rit factor, $25=26 

Rhos 175. 20a 212. 296-37, 238, 240-4) 

Rhizome, 612, 617 

LUGO Mie ee 

Rhodophytes (red algae), 600-0] 

Rhédopsiin. 350, 423 

Rhodyimenia, 601 

Rhynchoce phalia, 671 

Ribbon worms, 6/1] 

Riboflavin, 10-£. 146. 348, 352 


eastrocol te, 


Ribonuclease, 135 

Ribonucleic acid (RNA), 136, 525; deoxyribonu- 
cleic acicdl (DNA)-protein relationships, 525-26; 
Kits Of 020—26; “proteins, 22, 23,225). 00, 09, 
88, 110, 134~35 

Ribose, 80 

Ribosomal RNA, 525 

Ribosomes, 7, 25, 135 

Ribulose diphosphate, 165, 166 

Richards, A. N., 374 

Rickets, 353 

Ricketts, H., 602 

Rickettsia, 7, 602 

“Ringer's solution,” 118 

Ringworm, 607 

Ris, H., 520 

RNA (see Ribonucleic acid) 

Rodentia, 675 

Root hair cells, 19, 22 

Root hairs, 245, 246, 247 

Root pressure, 252-53 

Rootlets, 245 

Roots, 238; economic importance of, 257: 
tions of, 244-46; seed plants, 232-34 

Rotifera, 641-42, 643 

Roundworms, 646 

Rous sarcoma, 48 

Rubin, S., 161, 162, 164 

Rusts, 173, 606, 607. 609 


func- 


S 
Sacculina, 577 
Saliva, 298, 300: composition and functions of, 
301 
Salivary amylases, 103 
Salivary glands, 298, 300-03 
Salivation reflex. 301-03 
Salts, 71, 74-75; food substance, 127 
Sand dollars, 663 
Sandworms, 647, 648, 649 
Sap, elevation of, 252-53; flow of, transpiration 
and, 251-52 
Saprophytes, 174 
Sarcodina, 625-26 
Sarcolemma, 286 
Sarcoplasm, 286 
Scallops, 649, 652, 653 
Sacaphopoda, 653 
Schistosoma, 638-39 
Schizomycophytes (see Bacteria) 
Schleiden, M., 38 
Schoenheimer, R., 133 
Schultze, M., 38 
Schwann, L408 
Schweet, R.. 135 
Science, method olf, 12-14; progress of, 11-15 
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Sclerenchyma, 243, 247 

Scorpions, 655 

Scrotum, 383, 384 

SOUT 047, aU 

Scyphozoa, 633 

Sea anemone, 631, 633-34 

Sea cucumbers, 660, 661, 663-64 

Sea lilics, 660, 661, 664 

Sea urchins, 660, 661, 663 

Secondary sexual characteristics, 
male o8t.. oo) 

Secondary spermatocytes, 54 

secretin, 314 

Secretion, 199-200; effectors of, 440-41; of the 
kidney, 376 

Secretory granules, 30 

Sedimentary rocks, 56] 

seed. 227; -cernmination ol, 222,224) 225 

Seed plants, 615-21; bucd development, 232; 
cotyledons, 222-24; dicotyledonous. embryonic 
development in, 230, 231; embryo sporophyte, 
221-22; embryo structure, 222-24; floral parts, 
nature of, 219; floral structure, variations of, 
224-25; flower of, 216-19; fruit structure, vart- 
ations of, 225-28; gametophytes, significance of, 
221; gametophytes of the angiosperm, 219-21; 
germination, 231-32; growth and development 
of, 228-34; gymnosperms vs. angiosperms, 216; 
leaf development, 232; life cycle of, 209, 216— 
28; root devclopment, 232-34; seed of, 222; 
sporophyte generation, 216; vegetative methods 
ol reproduction, 234 

Segmentation, 647 

Segmented wornis, 647-49 

Segregation, 481-84; Mendel’s law of, 490 

Selaginella, 219; lite cycle of, 214-16 

Selection (see Artificial selection; Natural selec- 
tion) 

Selective breeding, 510, 516-17 

Self-pollination, 221 

Self-replication, 5 

Semen, 381, 385 

Seminal receptacles, 382 

Seminal vesicle, 383, 384, 385 

Semipermeable membrane, 113 

Sensations, perception of, 426-27 

Sense organs, 419-26 

Sensory tracts, 463-64 

Seral stages, 589 

Sere; 989), 590 

Serosa, 298 

Serotonin, 455 

Sex, inheritance of, 495-99; secondary character- 
istics (see Secondary sexual characteristics) 

Sex chromosomes, 497-98, 507 

Sex-linked genes, 498-99 

Sexual] diffcrentiation, nongenetic, 499 


388; 


female, 
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Sexual reproduction, 57-60, 203; egg cells and 
sperm cells, 59-60; Isogamy, hetcrogamy vs., 
57-59; life cycles, 60-62 

Sater. Be voc 

Saw eS 

Shipworms, 65] 

Shock, £07, £09; hypoglycemic, 34] 

Sickle cel] anemia, 86, 505, 507 

Sieve tubes, 241, 243, 244, 245, 246, 247 

Sigmoid flexure, 315 

Silurian period, 563, 565, 566 

Sinus gland, £17 

Sinuses, 28+, 368 

Skeletal muscles, 17, 286, 287, 431-39, 460: con- 
tractile mechanism, fine structure of, 437-39; 
contractile process, chemical aspects of, 435-36; 
contraction: the single twitch, 433-31; contrac- 
tion: the tetanus, 434-35; craniospinal nerves 
and, 460; gradation of contractions, 435; heat 
production, 436-37 

Skeleton, origin of, 283; segmented axial, 666 

Sicep lov ements..0l), 202 

Slime molds, 17, 36, 37, 602-04 

Slugs, 649, 653 

Small intestine, 296, 297, 310-11, 339; movements 
of, 314 

smell, receptors of, 420-2] 

Smith \\ 570 

Smuts, 173, 606, 607, 610 

Snails, 649, 650, 65), 653 

Snvcercl. t12004 

Sociology, 14 

“Sodium jump,” 123 

Solar energy, perpetuation of hfe and, 185-86 

Solation, 94-95 

Solids, 67 

Solutions, 92; acid, 73=74: basic, 73-74; hyvpo- 
tonic, IJ8-2); isotonic, 118: neutral, 73-74; 
true, 71 

Solvents, 71, 92, 117 

Somatotrophin, 410-11 

Sorus, 203, 204 

Spallanzani, L., 186, 805 

Species, adaptation, 543-44, 575; extinction of, 
545-48; interdependence of, 573-74; multipli- 
cation of organisms, 538-41; natural selection 
und, 547-43; ongin of (see Origin ol species): 
stability of, 544-45; taxonomic category, 593 

spectrometer. 142 

Spectroscope, 105, 149 

Sperm, 51, 52-54, 381, 385; egg cell and, 59-60; 
miuude gamete, 57 

Sperm cell, 273-74 

Sperm ducts, 38] 

Sperniatids, 5-4, 477, 478 

Spermatocytes, 52-54; primary, 477: sccondary, 
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Spermatogonia, 52, 53, 385, 476 

Sphenopsida, 614-15 

Sphincters, anal, 315; sleocaecal, 315 

Spices, plant products, 257 

Spiders, 655 

Spinal cord. 281, 282, £58, 664; conduction path, 
463; structure of, 458-60 

Spinal nerves, 460-6] 

Spindle fibers, 4] 

Spindles, 28, 42, 43, 44 

Spireme stage. +] 

Sptiila, 275176, 602 

SPUUCVER,. dU..00, 91, 08,99). 119, 167, 
life cycle of, 60, 6] 

spleen, 335 

Sponges, 629-30; gastric vacuoles of, 291-92 

Spongin, 629 

Spontaneous generation, 186 

Spammeis;, 20h 20a Pls. 213.2 

Sporangiophores, 175 

Spore capsulesso2. 175 

Spore mother cells, 57 


168, 210: 


SONGS ny U0 —oy eae 209, 2092.8 Vale 2: 
Teproduwerives 56; swarm, 5/ 

Sporocytes, 20+ 

Sperophores, 600 

opormpuvte, 205-04, 208, 209. 212. 215, -22)- 
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Sporophyte generation, 61, 216, 242 

Sporozoa, 625, 628 

Sporulation, 56-57 

Squamata, 67) 

Squids, 619, 650, 652, 653 

Stability of species, 544-45 

UDINE) 

Staphylococcus, 602 

Starches, 76, 80, 8]; digestion ol, by saliva, 110 

Starfish, 660, 66], 662, 663 

Starvation, 139, 345 

Statocyst, 424 

Statohths, 424 

Steapsin, 312 

Stearic ucid, 82 

StCNIS Se 2o7 2h CONCUEHON: 1114224? 
mportunce of, 257; functions ol, 246-49: struc- 
ture ol, 2-18-49 

Stenostomium giande, 395 

Shere ih Ge5 105 

Stermal sinus, 319 

Steroids, 82-83 

Str hococeus, 589 

Stimulation, stimuli 
190-93 

Saniuh, classification of, 193-94: stimulation and, 
193-200 

Sunging ray, 441 

Stolons, 175 


cconomic 


and, 193-200;  successlul, 


Stomach, 130. 296, 297, 303-05; churning move- 
ments of, 308-10; emptying, 310; liquefaction 
of meal. factors involved in, 310; nerve supply 
of, 305; size and shape of, 304-05 

Stomata, 242, 249, 250 

storage, problem among plants, 257 

storage parenchyma, 243, 245, 246 

Storage tissue, 240, 242 

Strata, gcological, relative ages of, 562-70 

Strengthening tissues, 243-44 

Streptobacillus, 176, 602 

Streptococcus, 176, 602 

Streptomycin, 176 

Stress theory, 41] 

Striations, 286 

Stroma, 160 

Sublingual glands, 300, 301 

Submaxillary glands, 300, 301 

Submucosa, 298 

Substances, 67; mixtures vs., 68-69; organic (see 
Organic substances) 

Substrate, 100, 101; -enzyme combinations, 104—06 

Succession, ecological. 589-90 

Succinic dehydrogenase, 101, 104. 108 

Sucrase, 103, 174, 314 

Sucrose, 76, 79 

Suctoria, 576, 628 

Sugars, 76, 79-80, 339: conversion to glucose, 
340-4] 

Sulfur bacterma, 181 

Sulfur bond, high-energy. 154 

Sumner, Jac. 100 

Supersonics, £29 

Suspensions, 93 

Swallowing. reflexes of, 303 

Swann, M. M., 48 

Swarm spores, 57 

Symbiosis, 179 

Sympathene nerves, 305 

Synapses, 54. 453-54, 477, 479, 491, 494 

Synaptic resistance, 457 

Synaptic summation, 457 

Syneytium, 17 

Syndrome, Klinefelter, 507. 508: Turner, 507, 508 

syngee, R. Le ih; 164 

Synthesis, carbohydrate, in green plants, 169; 
dehydration, 79; glycogen. 150-51; of organic 
compounds, 132; protein, 133-35, 137-39, 169 

Szent-Gyorgyi, A., 347 


A 
Tansley, A. G., 587 
Tapeworms, 636, 639-4] 
Taste, receptors of, 420-21 
Taste buds, 300, 302, 421 
Taxonomy, 554, 592 
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Teeth, 284, 298, 299-300 

Teclolecithal eggs, 272, 277 

Telophase. in mitosis, 42, 43, 45, 46-47 

Temperature as abiotic environment, 581-83; 
cnzymes in relation to, 109-10 

Template RN&, 525 

‘Tendon of skeletal muscles, 431, 432 

Tentacles: 292 

Teredo, 651 

Tertiary period. 559, 563, 565, 569 

Testes: 52; 380, 383, 384, 385; endocrine elincl, 
399-400; undescended, 399 

Testosterone, 383, 399, 411; isolation of, 400 

Tetanus, 434-35 

Detiny, 205 

‘Tetrads, 54 

Thallophyta, 594-609; Chlorophyta, 596-97; 
Chrysophyta, 597-98; Cyanophyta, 594-95; 
Euglenophyta, 596; Eumycophyta, 604-09; life 
cycle of, 208, 209-12; Afyxomycophyta, 602-01; 
Phaeophyta, 599-600; Pyrrophyta, 598-99; Rho- 
dophyta, 600-01; Schizomycophyta, 601-02 

Theory. 14 

Therapsida, 673 

Ehermaltnovéements, 92,112 

Thermal properties of water, 72 

Thermodynamic laws, 143 

Thiamine, 89, 104, 348, 35] 

‘Thiamine pyrophosphate, 152 

Thigmotropisms, 264 

Thiospirtilium, 181 

Thirst, sense of, 426 

‘Thrombase. 323. 324 

Thrombocytes. 289, 321 

Thromhoplastin, 323 

Thromboplastinogen, 323 

‘Thromboplastinogenase, 323, 324 

Thrombus, 323 

Thrush, 607 

Thymectomy, 336 

‘Thymine, 134, 521 

Thymus glands. 398, 414; role of, 335-37 

Thyroid gland, 344, 398, 402-05 

Thyrotrophin (TSH), 410. 411 

Thyroxin, 3-46 

Ticks, 655 

Time, geological, eras and periods of. 564, 565 

Tissues, 37. 38: blood and lymph, relationship 
between, 329-30; bryophytes, 241-42; connec- 
tive (sustentive), 288-90; differentiation of. 
285-90; epidermal, 239, 241, 242-43; epithclial, 
285-86; ercctile, 385-86; fibrillar connective, 
288-89; fundamental, 285; green parenchyma, 
243,290; varphoids. 354; aneristent, 247, 0201.. 
262; muscle, 286-87; nerve, 287-88; origin and 
nature of body. 285-90; plants. higher, 243; 
primitive vascular, 240;;241; storage, 220) 242. 
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Tobacco mosaic virus, 8, 9 

Tongue, 297, 298, 300, 802 

Tongue worms, 665 

Footh-shells, 052, 653 

Torpedo occidentalis, 441 

TPN (ce Vriphosphopyridine nucleotide) 

Trice elements: 1372 142—15, l6 

reeds 297. a0a- 300. 200) 
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Trachcophyta (vascular plants), 611-21; Lycop- 
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615-21; Spheuopsida, 614-15 

Traction fibers, 1 £, 46 

Transduction, +27 
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‘Diaistoimimtion bacterial. 2203521 

Transfusion, blood types im relation to, 325-26 

Transmission, electron-hydroven, 146-49; mech- 
annysins Ol, basic, 4e7-29 

Transphosphorylases, 10] 

Transpiration, 250-51, 292; flow of sap and, 251- 
Pe 

Transport ainechanisms (see Active transport 
mechanisms: Passive transport mechanisms) 

Trematoda, 637-39 

Triassic period, 563, 565 

Triceratops, 508 

Trichina, 6-15, 647 

Trichinella spiralis, 647 

Trichinosis, 646, 647 

TmchaastsorG 

Trichogvne, 601 

Trilobita, 651, 656-57 

Triphosphopyridine nucleotide (TPN), 145, 102, 
ha eatGs 

Tridgeeplrosphate, 151, 16. 

Triplets, identical, 499, 503 

Trisonivs 107 
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Tropisms, 263-04 

Tropmyosin, [59 
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Trypanosoma vambiense, 027 

Trypanosomas, 627 

Bias, 02S ier 108,51 2.408 

Erepsimogen. 512 

Tsetse eoGe 7 

TSH (see Uhyrotrophin) 

Tubeworms, 649 

Tubules, nephric, 384; seminiferous, 383, 384 

Tuner cell pitredwcenmiales af.--15 

Tumors, 18-19; benign, 48 

Tunicata, 593, 665, 666 


Dirbellaria, 637 

‘Tureor, 119; movements, 259-61, 262 

‘Turner syndrome, 507, 508 

Twins, fraternal, $95, 499, 502, 510; identicial, 
909, tO. 902.5414) 

Twitch, single, 433-34 
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Typhoid bacillus, 20 

Typhus, 602 

Tyrannosaurus vex, 568 
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Clothrix, 57, 59, 236, 596, 597 
Ultracentrifuge, 9 
Clea, 596, 597 
Uiniloihieticcare, 392. 393 
Creulita, 676 
Universal donor, 325 
Uarrens a 
Uraniuin, 56-4 
res 38. hie torinien, dcamimn ation anes 
341-43 
Urease, 100 
Ureter, 383, 384, 387 
Urethra, 384, 385, 387 
iriac tis Geleo 
Urite acid, 342 
Urine, formation of, 373; nephric filtrate com- 
pared to, 374 
Crochordata, 695 
Urogenital canal, 383, 384 
Vrogenital system, $83 
Uterus, 383, 387, 388, 390-93 
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Vaccines, 579 
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2 do, 125, 200 Sa toplasmic., 29-9003) toad: 
128, 1290) eastri¢as al pimittive Weleda 20 
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Vagina, 387, 388, 394 

Nie nierses,. o0a 

Valence number, 69 

Aiba CL ae 

NapOrizatian.euto, 72 

Varhitions, genetic ys. environmental, 513-17 
Vas delerens, 383, 384, 385 

Vasa eflerentia, 383, 384 

Vascular bundles, 247-18 

Vascular plants, 611-21; leaf and its functions, 


249-53; organs and tissucs of, 242-53; root and 
its functions, 244-46; stem and its functions, 
246-49; tissues of, 249-44 

Vascular region of stem, 248 

Vascular tissues, true, 242, 244 

Vasopressin, 376, 377, 412 

Vector, 578; cisease, 581 

MEPOLMaOle, 73.7 

Vegetative method of reproduction, 234 
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human body, 331-32 
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Ventral aorta. 330, 33] 

Ventral root, +61 

Venules, 329 

Vermiform appendix, 554 

Vertebral column. 280. 458, 666 

Vertebrata, 664, 666. 667; dinphibia, 666, 667, 
670-71; -dues, 667, 672-73; Chondrichthyes, 
667, 669; classes of, 668-76: Cyclostomata, 667, 
668-69; embryonic development in, 277-84; 
mammals, 67, 673-76; Osteichihyes, 667, 669- 
70; reptiles, 667, 671-72 

Vessels, 244 

Vestigial organs, evolution and, 554-56 

Vill. 310, 311, 339: chorionic, 391-92 

Neo bacteria ds 77 

Viruses. 7-11; cell of, 20; growth and reproduc- 
tion. 8,2 Ms asokvionwols 9 hving matter, 11; 
tobacco mosaic, 8, 9; unit structure, 10-11 

Visceral muscles, 286, 287, 328, 439-40 

Visceral receptors, 426 

Visceral reflexes. 465-67 

Vishniac, W.. 161 

Visual excitation, chemistry of, 423-24 

Vital force, 99 

Vitamin hypothesis, 346 

Vitamins, 10+, 137, 170, 346—54, 530; food sub- 
stimce; 1276 origins aiid tkure Ol SOA. prn- 
ciple, 348-419; in protoplasm, 89; storage ol. 
343 

Vitelline membrane, 274 

Vocal cords, 360 

Volkin, FE.. 525 

Volvocaceac, 59: scxual reproduction of, 61 

Volvox, 59, 61 

Vorticella, 196 


W 
Wald, G., 186, 423 
Wasps, 658, 659 
Wastes. egestive. 131; metabolic (excretory), 132, 
133: nitrogenous, 138 
Water, 71-75, 158, 159, 369, 388; as abiotic 
environment, 585-86; chemical activity of, 72- 
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75; dispersion medium, 71; dissociation of, 73: 
electrolytes and nonelcectroly tes, 73; equilibrtum 
in the cell, 118-21; food substance, 127; hydro- 
gen and hydroxyl ions, 73; photolysis of, 162: 
reabsorption ol, by kidney, 375-76; in relation 
to dissociation, 72-73: salts, acids, bases, and 
respective ions, 74-75; solutions, acid, basic, 
and neutral, 73-74; solvent properties of. 71- 
72; thermal properties of, 72; transport micech- 
AMisnis, leo 

Water-in-o1l emulsion, 93, 94 

Water vasculiur svstem. 662, 663 
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Weismann, «\.. 38 
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Wheat rust, 607. 609 

Wheel animals. 641-42, 643 

Whelks, 652, 653 

White corpuscles. 289-90, 321-23 

White fibers, 288 

AVaeslesworth. \" Ba 414 

Wilkins, iM. A E..521 

Williams, C. M., 414 

Wilson, A., 165 

Wood, 244 

Worms, earth (see Earthwonns): filurial, 645; flat, 
635-41; guinea, 644: ribbon, 641; sand, 647, 
648, 649; seemented, 647-49; ship, 651; tape. 
636, 639-41; tongue, 665; tube, 649 
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Nanthophyli, 159 
Nerophthalmia, 350 
Xerophytes, 585, 586 
Nylem, 243, 244, 247, 248, 249. 250, 609, 611 
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Yeast. 173, P74; anaerobic metabolism of, 175; 
cells, 56; cconomic importance of, 176; multi- 
plication of, 539; nutrition of, 174-75 

Yellow fibers, 288-89 

Yolk plug, 281 

Yolk sac, 388, 389 
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Zooplankton, 589 

Zoospores, 57 

Zostera marina, 574 
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